THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  FATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDING,  DAYTON,  2,  OHIO 


CONTROL  OF  SELF -SATURATING  MAGNETIC 
AMPLIFIERS  USING  RECTIFIED  A-C  WITH 
VARYING  ANGLE  OF  TRUNCATION 

by 

ISAAC  WEISS  MAN 
Report  No.  R-332-53,  FIB-268 
for 

OFFICE  OF  NAVAL  RESEARCH 
Contract  No.  N0nr-292(00) 

Project  Designation  No.  075-215 
December  14.  1953 


POLYTECHNIC  INSTITUTE  OF  BROOKLYN 
MICROWAVE  RESEARCH  INSTITUTE 


I 


Microwave  Research  Institute 
Folytechnic  Institute  of  Brooklyn 
55  Johnson  Str  jet 
Brooklyn  1,  New  York 


He port  No.  R-332-o3>  PIB-268 
Project  Designation  075-215 


CONTROL  OF  SELF-SATURATING  MAGNETIC  AMPLIFIERS 
USING  RECTIFIED  A-C  WITH  VARYING  ANGLE  OF  TRUNCATION 

by 

Isaac  Weissman 


Title  Page 

Acknowledgment 

Abstract 

Table  of  Contents 

List  of  Symbols  - 3 pages 

Ul  Pages  of  Text 

Appendix  1-2  pages  Contract  No.  NOnr-292(OC) 

Appendix  II  - 3 pages 
References  - 2 pages 
U8  Pages  of  Figures 


Brooklyn  1,  New  York 

B - c '.'ib.'r  lit,  1953 


jrsnasoi 


R-332-53,  PIB--263 


ACKNOWLEDGMENT 


The  author  wishes  to  express  his  appreciation  to  Dr.  E.  J.  Smith 
and  Prof.  M.  Liwschits -Garik  for  their  helpful  suggestions  offered  during 
the  course  of  this  work,  and  to  his  colleagues,  Messrs.  W.  C.  Dumper  and 
K.  T.  Lian  for  their  ready  cooperation. 

The  support  of  the  Office  of  Naval  P.essarch  is  gratefully  acknow 

lodged. 


a-3 32-53,  PIB-268 


ABSTRACT 


Usually,  magnetic  amplifiers  are  excited  by  applying  a pure  d-c 
signal >to  the  control  circuit.  The  tout,  however,  is  a truncated  sine 
wave,  the  angle  of  truncation  depenc  on  the  signal  strength.  If  several 
stage 8 of  magnetic  amplifiers  are  cascaded,  it  is  clear  that  the  signal  ap- 
plied to  succeeding  stages  is  not  pure  d-c  but  usually  full-wave,  rectified, 
truncated,  a-e  ~ the  average  value  of  which  varies  with  the  angle  of  t min  ca- 
tion. 


This  work,  then,  investigates  the  operation  uf  aelf-saturating 
magnetic  amplifiers  using  rectified  a-c  excitation  as  obtained  from  a pre- 
ceding stage  or  from  a thyratron  arrangement.  Only  control  by  varying  the 
angle  of  truncation  vlth  constant  amplitude  of  signal  is  considered. 

A theoretical  analysis,  in  addition  to  an  experimental  study,  is 
made  for  different  modes  of  steady  state  operation.  It  is  then  attempted 
to  Justify  the  assumptions  involved  in  the  analysis  and  deviations  from  these 
assumptions  are  considered.  Then  remits  obtained  from  the  measurement  of  the 
transient  response  are  discussed. 

Emphasis  throughout  is  on  the  voltage  doubler  circuit  since,  of  the 
basic  self -saturating  circuits,  it  is  most  effectively  adapted  to  a-c  control. 
The  discussion  is  extended  to  other  self- saturating  circuits  in  a later  chap- 
ter. 
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Introduction 

The  operation  of  the  seif -saturating  magnetic  amplifier  is  fairly 
well  known  and  covered  in  detail  in  the  literature  (refs.  1-8).  Not  much 
has  been  written,  however,  regarding  a-c  excitation.  Ramey?  considers  a 
special  circuit  using  a full-wave  rectified  a-c  signal  with  varying  amplitude. 
Another  paper^O  gives  experimental  results  using  a full-wave,  rectified,  trun- 
cated a-c  signal  with  varying  amplitude  for  different  phase  angle  relations 
between  the  signal  and  load  voltage.  In  multistage  magnetic  amplifiers,  how- 
ever, where  the  output  of  one  stage  is  fed  directly  into  the  control  circuit 
of  the  next  stage,  it  is  not  the  amplitude  of  the  signal  to  the  later  stages 
that  varies,  but  rather  the  angle  of  truncation. 

The  a-c  excited  magnetic  amplifier  cannot  be  analyzed  by  consideiring 
the  signal  to  be  composed  of  a d-c  term  plus  a series  of  a-c  terms  because  such 
a process  is  valid  only  for  linear  circuits  and  certainly  does  not  apply  to  the 
highly  nonlinear  self- saturating  circuits.  One  must  not  conclude  that  since  the 
signal  has  a d-c  level  the  operation  is  necessarily  similar  to  the  d-c  excited 
amplifier,.  In  general,  the  two  types  of  operation  will  give  different  results. 

Instead,  a step-by-step  analysis  is  required  which  is  based  on  cer- 
tain assuptions  and  which  gives  approximate  results.  For  one  thing,  it  is  as- 
sumed that  the  B vs.  H characteristics  of  the  magnetic  materials  used  can  be 
represented  by  straight  lines  and  that  the  operating  point  of  each  core  over  a 
cycle  follows  a minor  d-c  hysteresis  loop  as  shown  in  Fig.  MRI-13U37-b. 

For  simplicity  the  angle  of  truncation  of  the  signal  is  called  the 
"control  angle"  and  the  angle  of  truncation  of  the  load  current  is  referred  to 
by  its  popular  name  of  "firing  angle".  The  problem  of  this  work  is  chiefly  to 
determine  how  the  firing  angle  varies  as  a function  of  control  angle  - both  in 
the  steady  state  and  during  a transient. 

Almost  all  the  work  is  concerned  with  the  doubler  circuit  which  is 
shown  in  Fig.  MRI-13U36-*.  In  the  analysis  the  control  current  is  assumed  to 
have  a waveshape  as  sketched  in  Fig.  MRI-13U37-®,  which  is  obtained  from  the 
output  of  a previous  stage.  The  test  setup  is  shewn  schematically  in  Fig,  MRI- 
13li36-b.  % is  a purposely  inserted  resistor  to  simulate  additional  winding 

resistance  and  Rx  simulates  rectifier  leakage.  Data  on  the  cores  and  rectifiers 
used  is  given  in  the  Appendix. 

The  direction  of  the  control  current  is  such  as  to  tend  to  demagnetize 
the  cores,  and  is  referred  to  as  "negative"  control  current.  If  the  polarity 
of  the  current  were  reversed,  it  would  be  called  "positive"  control  current. 

It  is  shown  later  (Chapter  II,  Section  D)  that  positive  control  is  not  as  effec- 
tive as  negative  control  for  most  purposes. 

All  experimental  transfer  curves  are  plotted  in  terms  of  average  rec- 
tified load  current  vs.  average  control  current.  The  average  control  current 
can  be  read  directly  on  a d-c  ammeter,  but  the  load  current  is  first  rectified 

i 

r 
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and  then  read  on  a d-c  ammeter  as  Indicated  in  Fig.  MRI-13U3&=b. 

The  control  angle  is  varies  by  controlling  the  d-c  signal  applied 
to  the  first  stage. 


I.  Steady  State  Operation  of  Doubler  Circuit  with  A-C  Ex-' itatlon 
A.  Basic  Assumption 

To  simplify  the  analysis  of  the  circuit  of  Fig.  MRI“13U3&-a  with 
a-c  excitation  a few  idealizations  axe  first  made. 

(a)  It  is  assumed  that  the  B n.  H characteristics  of  the  cores 
are  such  as  seen  in  Fig.  MRI-13U37-b,  with  infinite  unsaturated  inductance, 
zero  post-saturation  inductance,  and  a sudden  transition  (sharp  knee)  batween 
these  two  regions.  The  operating  path  is  assumed  to  follow  a manor  d-c 
hysteresis  loop  as  indicated.  As  for  the  geometry  of  the  cores,  it  is  con- 
sidered to  be  such  that  the  flux  density  is  the  same  throughout  the  cross- 
section,  so  that  the  core  saturates  everywhere  simultaneously  (this  is  not 
true  for  cores  with  large  ratio  of  outside  to  inside  dimension).  Further,  the 
effect  of  eddy-currents  contributing  to  the  total  MMF  is  neglected. 

(b)  Concerning  the  rectifiers  in  Fig.  MHI“13U36-a,  they  are  thought 
of  as  having  a linear  forward  resistance,  and  the  ability  to  block  any  reverse 
current  flow;  that  is,  the  back  (leakage)  resistance  iB  assumed  to  be  infinite. 

(c)  The  control  current  is  assumed  to  have  a perfectly  truncated 
wave  shape  as  shown  in  Fig.  MRI~13U37-a.  The  presence  of  the  control  windings 
in  no  way  affects  the  wave  shape  of  the  control  current;  that  is,  the  current 
is  forced  in  the  control  circuit,  or  operates  from  a current  source.  This 
condition  can  always  be  achieved  by  using  a large  enough  resistance  in  the 
control  circuit.  Also,  the  jump  at  the  control  angle  is  to  be  large  enough  to 
meet  the  minimum  requirement  as  specified  later  by  Eq.  (16). 


B.  Basic  Equations  and  Regions  of  Operation 

For  the  doubler  circuit  of  Fig,  MF!I“13U36--a,  the  basic  equations  are 
written  as: 


dF 

„ - vB  m . V ±i  ♦ “i  ♦ N “ - V2 

dF. 

- -V„  .in  Vi 


(2) 
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i - 0 
c 


cM 


*1  ~ *1  “ 4 

(3) 

for  0 <.  art  < cut 

c 

U) 

cot  for  art  art  < 

c 

H.i  - Ni.  + N i 
1 ra  1 c c 

(5) 

H-i  “ ♦ N i„ 

2 m 2 c c 

(6) 

ei  is  the  voltage  across'  rectifier  No.  1.  When  it  is  negative,  iy  - 0.  When 
e^  is  positive,  the  rectifier  conducts  and  ei  - ii  Rrec.  Then  Eq.  (1)  can  be 
witten  as 

dF, 

V sin  cot  - R*i1  ~ Rj^ig  ♦ N — ~ 


where 

R#  * *L  * Ro>  * ^ec 

and  is  termed  the  "total  mesh  resistance".  By  definition, 

>W  (7) 

and  is  termed  the  "forward  mesh  resistance". 

Roughly*,  the  steady  state  analysis  is  divided  into  two  distinct 
regions  of  operation.  The  theoretical  relationship  betwee..  the  cosines  of 
the  control  and  firing  angles  is  shown  in  Fig,,  MRI  13U37~e.  The  useful  region 
is  obtained  when  the  control  angle,  cetc,  precedes  the  firing  angle,  avts,  and 
is  indicated  by  line  AB.  The  transition  between  the  two  regions  occurs  when 
c»tc  ■ oota  (pt.  B).  As  the  control  angle  increases,  the  firing  angle  decreases 
from  a.  This  characteristic  relating  the  cosines  is  later  translated  into 
transfer  curves  relating  average  currents. 


C.  Basic  Mode  of  Operation 


Consider  the  region  AB  (Fig,  MRI~13U37“c)  where  the  control  angle 
precedes  the  firing  angle.  Impose  the  condition  that  the  line  voltage  alone 
is  not  sufficient  to  cause  the  cores  in  Fig.  MRI-13U36=a  to  saturate  both 
positive  and  negative  simultaneously j that  is 


(The  case  where  > Fg  is  discussed  in  section  G of  chapter  I.) 


R“ 332-53#  PIB-268 


U 


Fig.  MRI-13U38  shows  the  various  wave  forms  that  are  derived  in  the 
analysis  and  can  be  used  as  a guide. 


As  a starting  point  consider  conditions  at  an  angle  shortly  after 
the  firing  angle,  cuts.  By  definition  one  core  is  now  saturated.  Assume  the 
other  core  is  unsaturated  and  its  flux  decaying.  Then  referring  to  Fig.  MRI- 
13U37“d,  - Fg  and  Ho  « -Hc . Core  No.  1 is  at  pt.  E and  moving  to  the  right 

(since  a positive  voltage  is  now  being  applied  to  it  tending  to  Increase  its 
flux,  Fi)  and  core  No.  2 is  at  pt.  G and  moving  downward.  New  from  Eq.  (U), 


and  from  Eq.  (6) 


i - “I  sin  art 
c CM 

Ni0  - N I M ein  cut  ~ HJ„ 
2 c cM  c M 


and  as  long  as  |N„1'  sin  cut  | > |H_£m!,  i5  is  positive.  If,  however,  |H  /m| 

> |N„I  M sin  oat  |,  then  ij  would  be  computed  from  Eq.  (6)  to  be  negative <•  But 
this  is  impossible  because  of  the  rectifier  in  mesh  No.  2.  Therefore,  it  Is 
concluded  that  at  the  angle  where  (N^I^  sin  cot | Just  becomes  less  than  |Hc^m|, 
Hg  is  no  longer  equal  to  the  coercive  force  as  assumed  but  follows  the 

control  current  in  accordance  with  Eq.  (6)  for  i2  - 0.  Dsfining  this  angle  as 


cut. 


sin  cut. 


Vm 

NcXcM 


(8) 


Normally  cutQ  is  very  late  in  the  half  cycle  and  if  the  coercive  force  is  small 


«t0  » n approximately 
and  F2  at  this  angle  is  defined  as  F0. 


Then  in  the  interval  from  cota  to  cot0,  core  No.  2 decays  from  pt.  G 
to  pt.  D (Fig.  MRI=>13U37=d) . Solving  for  i2  during  this  interval 

N.  K t 

1 H — I gin  cut-  <=  — . 

2 N cM  N 

The  terra  (Nc/n)  Ich  sin  cut  is  termed  the  ’’circulating”  component  and  is  due 
to  the  current  transformer  behavior  of  the  unsaturated  core.  is  called 

the  "magnetizing"  component  and  is  due  to  a finite  coercive  force.  Since 
Fi  - Fg,  d?]_/dt  * 0,  and  tracing  around  mesh  No.  1,  shows  ei  to  be  positive. 
Substituting  ij  in  Eq.  (1), 
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i 


1 


rM  . Vc 


R*  R*N  IcM 


sin  «t  *» 


Wm 

r*n 


Solving  for  the  load  current  in  Eq.  (3)  gives 


-?  - (1-r)  — I M 
R*  N cM 


N 


sin  art  ( 1-r) 


Vh 


where  r is  defined  by 


r « 


«L 


(9) 


(10) 


Since  i2  is  positive,  e2  is  positive.  Substituting  i^  and  i2  in  Eq.  (2)  and 
neglecting  the  magnetizing  component 

Hr  Rt2  N 

♦ *-tr  V ▼ — — — I M I sin  cat 
CM  p*  m r*  u cM 


dFy  f N 

N — - - -V  ♦ R*  — 
dt  N 


Dividing  by  coN 


-i  dFo  r 

- — - - F (1-r)  ♦ F (1-r*) 
w dt  I m x 


sin  at 


where 


and 


F - -2 


V 

_o 

coN 


rx“? 


Nc  IcMR 


(11) 


It  is  seen  from  Eq.  (11)  that  T2  is  decreasing  which  was  assumed 
as  a starting  point.  Referring  to  Fig.  MRI-13U37“<i,  the  flux  in  core  No.  2, 
Fg,  at  «tQ  is  called  Fo  and  the  core  is  at  pt.  D.  In  the  very  short  interval 
from  o#t<>  to  x,  ic  is  not  large  enough  to  overcome  the  coercive  force  and  from 
Eq.  (6)  it  is  seen  that  i2  cuts  off.  Tracing  around  mesh  No.  2 shows  the 
rectifier  to  block.  H2  aunt  now  follow  ic  and  the  operating  point  moves  to 
the  right  with  constant  flux,  F0.  Thus  at  n the  flux  F2  is  F0.  But  ort0  - n 
approximately  and  Eq.  (11)  c an  be  integrated  from  0 ?t8  to  s. 


Integrating  and  substituting  the  limits  ft}  at  «t8  and  F0  at  x. 
F0-Fo-  fa  1-r)  ♦ Fx(l-r2)J  (1  ♦ cos  ort8)  (12) 

At  the  clos*e  of  the  half-cycle  Hi  - H2  - 0 from  Eqs.  (5)  and  (6). 
Thus  at  x core  No.  1 is  still  saturated  and  operating  at  pt.  A (Fig.  MRI- 
13U37-<i  and  core  No.  2 is  at  pt.  L. 


I 
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Now,  in  the  steady  state,  by  virtue  of  the  symmetry  of  the  circuit, 
conditions  at  the  start  of  the  half- cycle  in  one  mesh  are  the  same  as  the 
conditions  at  the  end  of  the  half  cycle  in  the  other  mesh.  Therefore,  at 
cut  - 0 


Shortl;  after  the  start  of  the  half-cycle,  no  control  current  flows 
and  since  i2  cannot  go  negative,  H2  also  cannot  go  negative  - by  Eq.  (6). 
Tracing  around  mesh  No.  2 shows  the  rectifier  to  block  since  (dF2/dt)  - 0. 
Therefore,  i2  is  truly  zero  and  H2  must  remain  aero  as  long  as  no  control  cur- 
rent flows.  Core  No.  2,  which  tends  to  come  out  of  saturation,  is  prevented 
from  doing  so  and  stays  put  at  pt.  A (Fig.  MRI-13Ji37°d)  with  F2  “ Fs  until 
cotc,  the  control  angle. 


In  the  meantime  core  No,  1,  which  at  the  start  of  the  half-cycle 
was  at  pt.  L,  has  a positive  voltage  applieL  to  it  which  tends  to  cause  Fi  to 
rise.  Therefore,  it  moves  to  the  right  wi  th  Fl  » F0  until  Hi  ■ H<;.  Defining 
oitn  as  the  angle  when  Hi  - He,  and  since  up  to  cotn  (dFi/dt)  » 0,  Eq.  (1) 
gives  _ 


. 'M 

11  ’ T* 

R 


sin  as t 


from  0 to  cot 


since  i„  - 0.  From  Eq.  (5) 


H, 


m 


sin  cot 


m 


and  at  cob  , H.,  » H . Thus 
n x c 


sin  cot  - 

II 


N V 


(13) 


Normally  coin  is  very  early  in  the  half-cycle  and  for  small  coercive  force, 


cot 


approximately . 


After  cotn  core  No.  1 moves  up  from  pt.  K (Fig.  MRI-13U37-d)  with 
Hi  « Hc.  The  control  current  is  zero  and  from  Eq.  (5) 


HA 
c m 

N 


This  is  only  magnetizing  current  which  is  neglected.  Then  dividing 
Eq.  (1)  by  ccN 


1 fi 

co  dt 


Fm  sin  cot 

il 


(1U) 


R-332-53,  PIB-268 


Defining  Fi  at  cofcc  by  Fc  and  integrating  between  0 and  wtc  gives 

Fc  - ro  * fM  <l  - cos  “‘c)  (15) 

At  the  control  angle,  cctc,  the  control  current  jumps  on.  The  jump 
must  be  great  enough  to  cause  H2  to  jump  to  -Hc  in  accordance  with  Eq.  (6)  for 
i2  ” 0;  that  is,  impose  the  condition  that 


H l 

|ici£  l~l 

"c 


Minimum  N I u 

c cn 


at  the  control  angle 


V* 

C P 

sin  cat 


At  cote  the  operating  point  of  core  No.  2 jumps  from  pt.  A to  pt.  B 
(Fig.  MRl-13U37-d)  with  constant  flux. 

After  cot  , H0  - -H  , H-  - H . and  from  Eq.  (6) 

C £ c J.  c 

N HI 

i9  - — I sin  cat  - ~-C— 

2 N cM  N 

whi^h  means  that  the  rectifier  in  mesh  No.  2 is  forced  to  conduct  by  the  pre- 
sence of  the  control  current.  Now  F2  is  free  to  decay  and  a negative  voltage 
appears  across  core  No.  2.  Solving  Eq.  (5)  for  i,  with  Hi  - Hc 

N_  H * 

i.  - — I M sin  oat  + . 

1 N cM  N 

Neglecting  the  magnetizing  current 


i-^  - ig  * — I sin  <at 

N 

Substituting  in  Eqs.  (1)  and  (2)  and  dividing  by  cdN 


1 dFi 

± — ± . {?-FT(l-r)J  sin  cat 
® dt  " ** 


1 

- — - - - [F„+F_(l-r)~J  ,3  in  0* 
« dt  " 
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for  0 < e*  oat  . 

C 8 

If  r is  very  close  to  unity  it  is  seen  that  a small  change  in  control 
angle  causes  a large  change  in  firing  angle.  Expression  (23)  is  valid  only  for 
control  angles  in  the  range  indicated  since  it  was  assumed  that  the  control 
angle  preceded  the  firing  angle  in  this  mode  of  operation. 

Fig.  MRI-13U38  gives  the  exact  theoretical  wave  shapes.  The  photo- 
graphs of  Fig.  MHI-13U39=a  bear  out  the  preceding  theory.  In  particular,  it 
is  observed  that  in  the  photograph  of  the  flux  wave  shape  in  Fig.  MHI-13U39-®, 

?2  does  not  begin  to  decay  right  after  the  start  of  the  half-cycle  but  must  wait 
until  the  control  current  flows. 

Expression  (23)  is  based  on  the  assumptions  stated  in  section  A of 
this  chapter  and  was  derived  for  the  case  Wien  both  magnetizing  and  circulating 
currents  are  negligible.  The  ideal  magnetic  amplifier  to  satisfy  these  condi- 
tions would  have  zero  coercive  force  cores  and  infinitesimal  control  current. 
Under  these  conditions  the  result  (Eq.  (23))  is  accurate  no  matter  what  the  wave 
shape  of  the  control  current  provided  it  remains  "on"  until  the  end  of  the  half 
cycle.  The  only  function  of  the  control  current  is  to  act  as  a "valve"  which 
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determine  whether  or  not  Fg  Is  decaying,  so  that  regardless  of  its  wave  shape, 
it  is  of  importance  only  when  it  goes  on  and  when  it  goes  off.  As  a first 
(and  good)  approximation  it  is  aeon  that  the  control  current  has  absolutely  no 
effect  on  core  No.  1,  whose  flux  is  rising  during  the  positive  half-cycle.  Of 
course,  during  the  other  half-cycle,  the  control  current  exerts  influence  only 
on  core  No.  1. 

It  is  interesting  that,  under  the  idealizations  made,  the  relationship 
between  the  control  and  firing  angles  is  dependent  only  on  the  ratio  of  load 
resistance  to  total  mesh  resistance. 


D: Information  for  Analyses  of  Other  Modes 

Some  general  rules  for  determining  the  flux  equations  for  any  mode 
whatsoever  can  be  set  forth  with  reference  to  Fig.  MRI  13Ui*0~a  and  Fig.  1- 
13ui;0=b.  ic  is  taken  at  random  to  "go  on"  and  "go  off"  several  times  in  the 
interval  shown.  It  goes  off  whenever  its  magnitude  drops  below  the  minimum 
specified  by  Eq„  (16).  It  was  seen  in  the  preceding  section  that  the  control 
current  doesnllt  affect  a core  in  its  positive  half -cycle  operating  along  H - Ifc , 
but  does  act  as  a valve  for  the  core  whose  flux  is  decreasing. 

If  magnetizing  and  circulating  currents  are  negligible,  F2  (the  de- 
caying flux)  will  decrease  sinusoidally  whenever  the  control  current  is  "on". 

The  amplitude  of  the  decay  depends  on  whether  or  not  core  No.  1 is  saturated. 
’When  cere  No.  1 is  unsaturated  (and  therefore  its  mesh  current  is  negligible), 
the  entire  line  voltage  will  appear  across  core  No.  2 and  will  cause  its  flux 
to  decay  with  amplitude  Fp[. 

1 ^2 

_ — - .=  f sin  cat  ( 2U) 

a dt  M 


but  when  care  No.  1 is  saturated  the  current  in  mesh  No.  1 is  strong  and  the 
voltage  across  core  No.  2 has  an  amplitude  Vjj  (1-Rl/R*)  because  of  the  drop 
across  the  load  resistance.  Then 


1 dF2 

— = F„(l-r)  sin  cat 

00  dt  M 


(25) 


Of  course,  if  i is  "off" 
c 

i ^2 

— — — - 0 in  either  case,  (26) 

ca  dt 

and  the  operating  point  of  core  No.  2 makes  a horizontal  excursion  (such  as 
AB  - Fig.  MEI>13UiO-a  and  Fig.  MRi^iJhUO-b) . 


R-332-53,  FEB-268 


10 


When  the  control  current  is  either  "on"  or  "off",  a&  long  as  core 
No.  1 is  onsaturated,  its  flux  rises  with  amplitude  F^  along  H-Hc  and 

1 ^1 

- — ~ - Fm  sin  eat  (27) 

<o  dt  " 


E.  Firing  Angle  Preceding  Control  Angie 

The  region  BC  (Fig*  rRI-13U37"c)  is  obtained  when  the  control  angle 
is  increased  beyond  the  point  where  it  meets  the  firing  angle.  The  rules  of 
section  D can  be  applied  without  going  through  the  analysis  in  detail.  The 
assumptions  in  section  A anej  the  equations  in  section  B are  applicable  to  this 
mode  also. 

From  the  beginning  of  the  forward  half-cycle  to  the  firing  angle,  <at8, 
»2  cannot  decay  because  the  control  current  is  "off".  Fi,  however,  builds  up 
with  amplitude  Fjj  (Eq.  (27)).  Integrating  Eq.  (27)  between  the  limits  F0  at  the 
start  and  Fg  at  the  firing  angle, 

Fs  - Fq  - Fm  (1  - cos  utm)  (28) 

All  this  time  F2  is  locked  at  F3. 

From  <at8  to  cotc  both  cores  are  saturated  and  no  change  <f  flux  occurs 
in  this  interval.  It  should  be  noted  that  although  both  cores  are  saturated 
only  one  mash  conducts  since  the  rectifier  in  the  other  inesh  blocks. 

After  «tc  the  control  current  is  "on",  core  No.  1 is  saturated,  and 
core  No.  2 decays  according  bo  Eq.  (25).  Thus  integrating  between  the  limits 
Fg  at  <atc  and  F0  at  a gives 

Fg  - F0  - Fm  (1  - r)(l  ♦ cos  «tc)  (29) 

Subtracting  Eqs.  (28)  and  (29)  gives  the  firing  angle  as  a function 
of  control  angle. 

cos  cat  - - (l~r)  cos  cat  ♦ r (30) 

8 C 

for  ert  < cat  < n 

s c 

Comparing  Eq.  (30)  to  Eq.  (23),  it  is  seen  that  the  "cosine  gain" 
under  one  mode  is  the  reciprocal  of  the  "cosine  gain"  under  the  other  mode. 

The  maximum  gain  that  can  be  obtained  under  this  mode  is  unity  (for  r ■ 0). 

The  next  step  is  to  convert  Eqs.  (23)  and  (30)  into  useful  average 
current  relationships. 
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F.  Gain  Relationships  and  Transfer  Curve a 

Fig.  MEI“13UltO-c  is  a sat  of  curves  relating  the  control  and  firing 
angles  under  both  nodes.  The  only  parameter  is  "r".  The  curves  are  independent 
of  any  other  parameters  just  so  long  as  the  magnetizing  and  circulating  currents 
are  negligible. 


If  the  control  current  has  the  assumed  wave  shape,  its  average  value 
can  be  expressed  in  terms  of  the  control  angle  as 


I 


c 


TcM  . X 

(1  ♦ cos  artj 

n 


(31) 


and  if  magnetizing  and  circulating  currents  are  negligible  it  is  seen  from  Fig. 
KKE  =131*38  that  the  average  rectified  load  current  is 

- VM 

I . - — (1  ♦ cos  cot  ) (32) 

L nR*  3 

To  find  the  current  gain,  Gj, 

G _ _ VM  d(cos  cata) 

1 W*  d<C°S<*c> 

In  the  region  of  greatest  interest  (control  apgle  preceding  the  firing  angle) 
the  relationship  between  the  angles  is  given  by  Eq.  (23).  Differentiating 
Eq.  (23)  and  solving  for  current  gain  gives 

•'  ■ 

But 

(1-r)  - <1-  %■  ij  (R*  ^ 

R R R 


Therefore,  the  final  expression  for  the  current  gain  becomes 


°I- 


cM 


M 

«F 


ft>r  cot  <.  cot 

c s 


(33) 


It  is  interesting  that  the  current  gain  is  incependent  of  load  re- 
sistance, control  turns,  and  load  turns.  Although  the  relationship  between 
the  angles  is  independent  also  of  and  IcM,  these  quantities  enter  into 

Eq.  (33)  in  the  process  of  averaging  the  load  and  control  currents.  The  gain 
is  inversely  dependent  on  Ry,  the  forward  mean  resistance,  which  is  the  sum  of 
the  rectifier  and  winding  resistances.  The  lower  IcM>  the  greater  the  gain. 
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leM1  howsvsr,  must  not  be  brought  below  the  minimum  specified  by  Eq.  (16) . 

The  curves  of  Fig,  MRI-13kkO-c  can  be  translated  into  the  transfer 
curves  of  Fig.  MRI“13kkO~d , by  observing  that  when  ojtc  - 0 the  control  cur- 
rent is  a negative  maximum  and  when  ojts  « 0 the  average  rectified  load  cur- 
rent is  a maximum.  Figs.  MRI-13kkl“a,  MRT-13kkl“-b,  and  MRI-13kkl-c  show  the 
theoretical  transfer  curves  with  various  parameters.  In  the  curves  note  that 


IL  MAX 


21 


I 


cM 


c MAX 


To  find  the  voltage  gain  consider  the  control  circuit  to  halve  a 
finite  physical  resistance,  Rc.  Then 


Q 


V 


and  from  Eq.  (33) 


G 


V 


VM*L 
IcM  *F  Rc 


(3k) 


The  power  gain  is  given  by  the  following  definitions 

G h .2  h 4"l. 

P RC  Rc  hlWh 


(35) 


In  a multistage  amplifier  Icm  and  R^.  are  usually  related,  since  actually  the 
control  circuit  is  excited  from  a voltage  source  as  shown  in  Fig.  MHI-13k36-b. 


It  should  be  noted  that  Eq.  (33)  predicts  a perfectly  linear  transfer 
curve  since  it  involves  only  circuit  constants  and  does  not  include  the  magne- 
tic properties  of  the  cores.  Deviations  from  linearity  are  partially  due  to 
magnetizing  current  which  Eq.  (33)  neglects. 

Figs.  MRl'“13kk2  to  MRl-13kk6  are  transfer  curves  taken  with  the 
doubler  circuit  and  using  a-c  excitation.  The  test  setup  is  as  in  Fig. 
MRI-13U36-U.  The  core  material  is  Hypernik  7 and  information  regarding  the 
cores  is  given  in  the  Appendix. 

It  is  seen  by  glancing  at  the  curves  that  the  high  gain  region  is 
obtained  for  small  control  angles  which  correspond  to  large  values  of  control 
current.  Fig.  MRI-13kkl-4  shows  the  potentiometer  setup  used  to  take  these 
readings  accurately. 
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In  general,  there  is  very  good  correlation  between  the  experimental 
results  and  Eq.  (33).  Fig.  MRI-13UU2  uses  different  values  of  forward  mesh 
resistance.  It  is  immediately  seen  that  the  gain  is  an  inverse  function  of 
forward  mesh  resistance.  Also  the  useful  range  is  smaller  as  the  resistance 
goes  up  because  the  control  angle  meets  the  firing  angle  at  a later  value  as 
seen  in  Fig.  MRX-13UU0-C.  The  entire  range  is  less  because  increasing  the 
mesh  resistance  lowers  the  maximum  load  current.  The  rectifier  resistance  is 
taken  as  one  ohm  since  two  discs  of  selenium  are  used  in  each  rectifier,  and 
from  the  Appendix  it  is  seen  that  the  proper  value  of  forward  resistance  based 
on  the  linear  portion  of  the  rectifier  characteristic s is  about  one  ohm. 

In  Fig.  MHI-13iWi3  the  control  current  amplitude  is  the  parameter.  The 
gain  is  seen  to  go  up  with  decreasing  amplitude  in  accordance  with  Eq.  (33). 

There  is  a lower  limit  of  control  amplitude  because  cf  the  necessity  for  the 
control  current  to  jump  an  amount  corresponding  to  the  coercive  force  as  dictated 
by  Eq.  (16).  It  is  noticed  that  for  still  lower  anplitudes  of  control  current 
the  bottom  half  of  the  transfer  curve  is  wiped  away,  since  now  small  control 
angles  will  not  satisfy  Eq.  (16).  The  same  effect  would  result  if  too  few  con- 
trol turns  were  used.  This  then  is  one  of  the  factors  limiting  the  gain.  The 
obvious  solution  is  to  use  more  control  turns,  but  if  too  many  turns  are  used, 
the  control  current  may  be  affected  by  induced  voltages  from  the  load  circuit 
and  may  no  longer  be  assumed  forced. 

Transfer  curves  U3ing  line  voltage  as  the  parameter  are  plotted  in 
Fig.  MHI-13UlUi.  Again  in  accordance  with  Eq.  (33),  it  is  observed  that  in- 
creasing the  line  voltage  increases  the  gain  and  of  course  also  the  range  of 
operation.  The  voltages  used  were  all  under  the  saturation  value.  The  effect 
of  larger  voltages  will  be  considered  in  the  next  section.  For  lower  voltages 
the  curve  is  shifted  to  the  right  and  control  takes  place  over  a region  of  later 
control  angles.  This  shift  is  not  explained  by  the  idealized  theory  of  the 
preceding  sections  and  more  light  may  be  shed  on  this  phenomenon  after  the  dis- 
cussions of  Chapter  II,  which  consider  deviations  from  the  ideal  hypotheses. 

In  Fig.  MHX-13UU5  the  effect  of  load  resistance  changes  is  shown.  As 
predicted  by  Eq.  (33)  the  gain  is  not  affected.  Furthermore,  the  curves  are  not 
shifted  from  each  other,  which  indicates  that  for  a given  control  angle  the  am- 
plifier behaves  like  a constant  current  source,  provided  operation  is  maintained 
in  the  linear  high  gain  range.  Naturally,  the  range  of  operation  is  reduced 
for  higher  values  of  load  resistance  since  the  maximum  lead  current  is  lower. 

Of  interest  are  the  curves  of  Fig.  MRI-13UU6  which  show  that  the  gain 
is  independent  of  both  load  and  control  turns.  The  only  effect  of  varying  the 
control  turns  is  to  shift  the  transfer  curve.  Increasing  the  turns  shifts  the 
curve  to  the  right  and  control  is  obtained  over  a range  of  later  control  angles. 
Changing  the  load  turns  has  only  a very  slight  effect  on  the  gain  and  does  not 
shift  the  curve.  The  region  of  operation,  however,  is  seen  to  be  higher.  This 
is  because  decreasing  the  turns  increases  tie  magnetizing  current. 
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It  is  well  if  the  transfer  curves  are  shifted  a little  to  the  right- 
without  a loss  of  gain  for  two  reasons.  For  one  thing  control  is  obtained 
over  a region  of  later  control  angles  which  means  that  the  jump  of  control 
current  at  the  control  angle  will  be  greater  and  lower  values  of  control  am- 
plitude can  be  used,  thereby  increasing  the  gain.  Secondly,  if  the  amplifier 
is  operated  from  another  stage  a higher  overall  gain  will  result,  because  the 
first  stage  operates  over  a region  further  from  the  bend  of  its  own  transfer 
curve.  For  these  reasons  any  slight  shift  to  the  right,  as  caused  by  an  in- 
crease of  control  turns,  for  example,  is  welcome. 

The  transfer  curves  of  Figs.  MRI-13UU2  to  MHI-13U16,  immediately 
bring  to  light  two  shortcomings  of  this  type  of  operation.  For  a two-stage 
single-ended  amplifier  full  control  current  in  the  second  stage  must  be  main- 
tained when  the  amplifier  supplies  no  load  <Tl  is  low).  Secondly,  if  operation 
is  limited  strictly  to  one  region  of  the  transfer  curve,  full  output  is  never 
obtained.  The  entire  region  of  control  is  up  to  control  angles  of  the  order  of 
20  to  50  degrees. 

Nevertheless  the  transfer  curves  have  excellent  linearity  and  current 
gains  of  the  order  of  50  were  obtained  without  any  difficulty.  Much  higher 
gains  could  be  expected  for  Hypemik  V cores  wound  with  load  turns  of  lower  re- 
sistance. 


Table  1 (Fig.  rIHI-13U7U)  compares  the  values  of  gain  measured  from 
the  transfer  curves  to  those  calculated  from  Eq.  (33).  The  results  are  in 
very  good  agreement  despite  the  fact  that  Eq.  (33)  neglects  magnetizing  and 
circulating  currents.  The  measured  values  of  gain  could  only  be  considered 
accurate  to  within 


Q.  Operation  with  Larger  Voltage in 

In  the  analysis  of  Section  C,  the  condition  was  imposed  that  the  core 
never  saturated  negatively.  Thi3  was  insured  by  making  Fm  less  than  or  equal 
to  Fs.  Since  increasing  the  voltage  increases  the  gain,  the  next  logical  step 
is  to  investigate  what  happens  when  FfoJ’Fs  or  VM>uNFg 

The  effect  of  increasing  the  voltage  is  to  cause  the  cores  to  saturate 
negatively  for  values  of  control  angle  which  will  make  the  minimum  flux,  Fc, 
hit  tbe  value  -Fs«  Eq.  (22)  is 

F„  - F - F„  ( 1 - cos  oet  ) 

G o M c 

and  jsq.  (20)  can  be  written  in  its  approximate  form  as 

Fc  - Fp  - Fm  (cos  cot  - cos  cot.) 

S u M c 3 


I 
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when  F0  « -Eg,  the  limit  of  the  analysis  u£  Section  C, 


Adding 


fg  + Fs  - fm  (1  - cos  “V* 
2FS  ” FM  ^ “ cos  «t8) 


or 


Min.  cos  cat  - 
s 


(36) 


such  that  the  analysis  of  Section  C is  valid. 

Even  though  Fm  is  greater  than  Fs,  the  analysis  of  Section  C is 
valid  as  long  as  Eq.  (36)  is  satisfied.  If,  however,  the  control  angle  is 
brought  so  low  that  it  causes  the  cosine  of  the  firing  angle  to  go  below  the 
minimum  specified  by  Eq.  (36),  then  the  cores  saturate  negatively  and  the 
analysis  is  no  longer  valid. 

At  the  start  of  the  positive  half-cycle  core  No.  1 is  at  pt.  B (Fig, 
MKE-13ixii7-a)  and  ready  to  start  its  rise.  Cora  No.  2 is  at  pt.  A and  is  not 
ready  to  decay  because  the  control  current  is  ‘'off"  (see  Section  D) . It  is 
clear  because  F2  cannot  decay  until  the  control  current  goes  "on",  and  since 
after  that  the  fluxes  rise  and  decay  with  the  same  amplitude,  F^j,  that  core 
No.  1 must  saturate  positively  before  core  No.  2 saturates  negatively.  That 
is,  ojt8<cotL  where  octj,  is  when  F2  hits  - Fs. 

?1  rises  with  amplitude  Fm  from  zero  to  cuts  over  the  range  from  -Fs 
to  + Fg,  and  by  the  rules  of  Section  D, 

2Fg  - FM  (1  - cos  uts>  (37) 

and  solving  for  the  firing  angle 


cos  cut 

s 


(36) 


a result  which  is  independent  of  the  control  angle.  Thus,  the  firing  angle  is 
constant  and  equal  to  the  maximum  value  as  specified  by  Eq.  (36)  whenever  the 
core  saturates  negatively.  This  will  occur  for  all  values  of  control  angle 
which  when  substituted  in  Eq.  (23)  give  a value  of  cos  cots  below  that  of  Eq. 
(36)..  For  larger  control  angles  the  firing  angle  is  determined  by  Eq.  (23). 
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Fig.  MRI~13UU7-b  shows  the  relationship  between  the  cosines  of  the 
control  and  firing  angle  for  the  case  where  is  larger  than  F5  for  different 
values  of  r.  The  theoretically  expected  transfer  curves  for  different  values 
of  voltage  are  drawn  in  Fig.  MBI-13UU7-C 


The  effect  of  overdriving  the  amplifier  was  observed  experimentally 
and  tiie  results  are  plotted  as  transfer  curves  in  Fig.  MRI-I3U18.  Although 
the  gain  increases  somewhat  with  increasing  voltage,  as  predicted,  the  load 
current  cannot  be  brought  below  a minimum  corresponding  to  the  firing  angle  as 
given  by  Eq.  (38).  For  this  reason  application  of  the  overdriven  amplifier  is 
more  or  less  limited. 


' 

& 


II.  Deviations  from  the  Basic  Assumptions 

A.  Justification  of  the  Basic  Assumptions 

Certain  assumptions  were  made  ir  Section  A of  Chapter  I to  simplify 
the  derivation  of  the  basic  steady  state  modes  of  operation  of  the  a-c  excited 
doubler  circuit.  Tnese  gave  rise  to  an  idealized  theory  the  accuracy  of  which 
was  checked  to  some  extent  by  the  transfer  curves  and  wave  form  photographs. 

The  close  correlation  between  the  experimental  results  and  the  theory  is  itself 
evidence  that  the  assumptions  made  were  good  ones  for  a sensitive  core  material, 
such  as  Hypernik  V. 

That  the  d-c  hysteresis  loop  for  the  Hypernik  V cores  can  be  represent 
ed  as  rectangular  as  in  Fig.  MRI-13U37-b  is  seen  from  a sti  idy  01  the  actual  loop 
taken  from  hysteresis  loop  measurements  using  tne  ballistic  method  described 
by  Spooner-3 . The  loop  is  plotted  in  the  Appendix  Now,  if  magnetizing  cur- 
vtu'.t  i * neglected  anyway,  the  slop*  01  the  vertical  portions  of  the  loop  in 
no  way  affects  the  wave  shape  of  the  load  current.  7 r thermore,  the  firing 
angle  using  a-c  excitation  should  not  be  affected  by  a change  in  the  slope  of 
the  loop.  This  :1s  in  contras to  the  d-c  excited  amplifier  where  the  minimum 
flux  (which  determines  the  firing  angle)  is  determined  by  the  d-c  current  in 
the  control  circuit  end  is  critically  dependant  on  the  slope.  In  the  a-c  case, 
however,  the  minimum  flux  is  not  "-et  by  a d-c  MMF  but  rather  is  determined  by 
the  amount  of  flux  decay  t-bet  the  “valve  action"  of  the  control  current  permits. 
It  can  therefore  be  concluded  tnat  the  analysis  is  valid  also  for  the  less 
sensitive  core  materials  provided  the  knee  of  the  B-H  curve  remains  sharp  and 
ths  magnetizing  current  does  not  become  too  large.  More  will  bo  said  regarding 
less  sensitive  .core  materials  in  Section  F of  this  chapter. 

The  photograph  of  Fig.  MRI=13UU9~a  shows  a minor  loop  traced  out  by 
a Hypernik  V core  and  is  In  accord  with  Fig.  MRT*»13h37-b. 

It  was  assumed  that  the  rectifier  forward  resistance  was  linear.  The 
rectifier  characteristics  plotted  in  the  Appendix  show  this  to  be  true  only 
for  sizable  currents  through  the  rectifier.  The  only  way  th6  rectifier  forward 
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resistance  enters  into  the  idealized  theory  is  in  determining  the  quantity 
Fjj(1  - r'  which  is  the  amplitude  of  the  flux  decay  of  core  No.  2 while  core 
No.  1 is  saturated.  This  expression  enters  through  Eq.  (12).  "r"  is  de- 
fined as  where  It*  is  partially  determined  by  the  rectifier  resistance. 

But  in  the  derivation  of  Eq.  (12),  R*  refers  to  the  total  resistance  of  mesh 
No.  1.  During  the  interval  for  which  Eq.  (12)  applies  this  mesh  is  fully  con- 
ducting and  therefore  the  rectifier  resistance  can  be  assumed  as  linear. 

Rectifier  leakage  exercises  its  influence  by  tending  to  unlock  the 
core  from  its  zero  MMF  position  from  the  beginning  of  the  negative  half-cycle 
to  the  control  angle.  It  is  thus  expected  that  if  the  leakage  is  not  pronounced, 
it  will  be  insufficient  to  release  the  core  and  the  operation  should  hardly  be 
affected.  Section  0 of  this  chapter  studies  the  influence  of  leakage  experimen- 
tally. 


The  third  major  assumption  had  to  do  with  the  control  current.  The 
main  factor  preventing  forcing  of  the  assumed  current  through  the  control  wind- 
ings is  the  EMF  induced  from  the  load  meshes.  Before  the  control  angle  one 
core  is  saturated  and  no  voltage  is  induced  across  it.  The  other  core,  however, 
is  rising  with  amplitude  and  a voltage  will  be  induced  in  the  control  wind- 
ings tending  to  send  current  circulating  in  the  same  direction  as  the  physical 
control  current,  and  this  may  unlock  the  first  core  before  the  control  angle. 
If,  however,  sufficient  resistance  is  used  in  the  control  circuit  and  if  the 
control  turns  are  a fraction  of  the  load  turns,  than  the  induced  voltage  is 
minimised.  During  the  experimental  runs,  a control  resistance  of  the  order  of 
200  ohms  was  used  together  with  a turns  ratio  of  6 to  1 and  no  appreciable  in- 
duced currents  were  present.  This  was  seen  by  observing  the  control  current 
wave  shape  with  and  without  shorted  control  windings  and  no  significant  change 
in  the  shape  occurred.  The  photographs  of  Fig.  MRI-13hl;9-c  and  d bear  this 
out. 


To  obtain  the  sharply  truncated  control  current  a sensitive  core 
material  with  a sharp  knee,  such  as  Rypernik  V,  must  be  used  in  the  first 
stage.  Also  the  magnetizing  current  in  the  first  stage  must  be  low  or  else 
the  control  current  will  be  "on”  before  the  control  angle. 


B.  A-C  Excitation  Shifted  in  Phase 


It  was  implicitly  supposed  heretofore  that  the  source  of  the  a-c 
excitation  was  in  phase  with  the  load  voltage.  Out  of  phase  operation  of  the 
doubler  circuit  will  now  be  considered  mainly  for  completeness  but  would  seldom 
merit  practical  use,  for  reasons  that  will  become  apparent. 

The  angle  by  which  the  excitation  source  lags  the  load  voltage  is 
symbolized  as  "cotp" , and  called  the  "phase  angle".  The  phase  angle  introduces 
extra  complications  into  the  analysis  and  reference  should  be  made  to  Fig. 
MRI-13U50  and  the  rules  of  Section  D of  Chapter  I applied.  Four  modes  are 
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possible  and  are  represented  by  the  different  diagrams.  It  is  clear  that  the 
maximum  phase  angle  is  180  degrees  since  the  control  current  is  full-vave 
rectified.  A phase  angle  of  180  degrees  is  equivalent  to  one  of  zero  degrees. 

As  illustrated  in  Fig.  MRI-13U50,  mode  (a)  is  when  the  control  angle 
precedes  the  firing  angle  and  occurs  in  the  first  half  cycle  after  the  phase 
angle. 


In  the  ideal  analysis  the  wave  shape  of  the  control  current  i3  irre- 
levant.  It  is  important  only  when  the  control  current  is  "on"  and  "off"  as 
explained  in  Section  D of  Chapter  I and  illustrated  in  Fig.  MRI-13UilO»a  and 
Fig.  MKE-13UiO-b. 


From  the  start  of  the  half-cycle  up  to  the  phase  angle  the  control 
current  is  "on".  Then  F2  decays  from  Fs  according  to  Eq.  ( 2U ) . Defining  the 
value  of  F2  at  the  phase  angle  as  Fp  and  integrating  in  the  interval, 

Fs  - Fp  - Fm  (1  - cos  «t  ) (39) 

Then  F2  locks  at  Fp  because  the  control  current  is  "off".  After  cotc,  however, 
it  can  once  mere  decay  and 

Fp  - Fq  - F^  (ccs  cotc  - cos  wta)  (UO) 

where  F(-  is  defined  just  as  in  Chapter  I as  F2  at  the  firing  angle.  After  the 
firing  angle  Eq.  (25)  applies  because  Fi  is  saturated.  Then 

Fq  - Fq  - Fm  (1  - r)(i  ♦ ccs  cutg)  (Ul) 

All  the  while  Fi  builds  up  unhampered  according  to  Eq.  (27).  Thus, 

Fg  - Fo  - FM  (1  - cos  ojt„)  (U2) 

Combining  Eqs.  (39)  through  (1*2)  and  solving  for  the  firing  angle  gives 

cos  cut  - cos  cut  - 1 ♦ r 

ccs  cutg  B. — y~—~- ( U3) 


It  is  seen  from  this  that  when  the  control  angle  occurs  at  the  phase  angle, 
then  the  firing  angle  is  at  the  close  of  the  half-cycle. 

In  mode  (b)  of  Fig.  MRI -131*50,  the  firing  angle  precedes  the  control 
angle.  Going  through  the  same  procedure  as  for  mode  (a)  the  flux  relationships 
can  be  shown  to  be* 
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Ffe  - FP 

- . Fu  (1  - cos  cot  ) 
n P 

(hh) 

1 

•s 

o 

- F„(l-r)(l+  cos  cat  ) 

m c 

(U5) 

FS-Fo 

* F^  (1  - cos  catfl) 

(fc6) 

solving  gives 


cos  cot  - -( 1-r)  ( 1+cos 
8 


cat  ) 
c 


+ cos  cat 


(U7) 


It  is  seen  that  when  <atc  « n,  cat8  « cotp. 


In  mode  (c)  the  control  angle  is  increased  beyond  it.  When  the  con- 
trol angle  minus  n precedes  the  firing  angle  the  flux  equations  can  be  written. 
Since  cos  (catc  - n)  - -cos  cate,  the  equations  for  this  mode  arc : 


and 


Solving: 


cos  cot 

8 


- Fv  (cos  Cut  ♦ cos  cot  ) 

C 8 

(1  - r)(cos  cot  - cos  cot  ) 
M /v  s p 

FM  (1  - cos  cot8) 

1 + cos  cat  + (1-r)  cos  cat 

— E 

1-r 


(W) 

(U?) 

(50) 

(5D 


In  mode  (d)  the  firing  angle  comes  first  and: 


FS  - Fo 

“ - Fu  (1-r)  (cos  cat  + cos  cat  ) 

PI  p C 

(52) 

1 

o 

F„  (1  - cos  cat  ) 
n s 

(53) 

cos  cat 

s 

■ 1 ♦ (1-r)  cos  cat  ♦ (1-r)  oos  cat 
c p 

(5U) 

Solving  t 
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Equations  (U3),  (U7),  (5l),  and  (5U)  give  the  theoretical  relation- 
ship between  the  control  and  firing  angles  for  the  four  different  modes.  When 
the  phase  angle  is  zero,  there  are  only  two  different  modes  and  the  equations 
reduce  to  Eqs.  (23)  and  (30)*  The  theoretical  relationship  between  firing  and 
control  angles  for  a given  phase  angle  and  different  values  of  "rfl  is  drawn 
in  Fig.  MRI-13U5l-a. 


Although  the  cosine  relationships  are  linear,  the  transfer  curve 
will  in  general  not  be.  Whereas  the  average  load  current  is  a linear  function 
of  cos  ojt8,  the  average  control  current  is  given  by 


1 *•  cos  (cot 

2 L 


and  is  not  a linear  function  of  cos  cotc.  It  is  also  observed  from  Fig.  MRI- 
13U51-*  that  in  general  there  are  three  discontinuities  in  the  transfer  curves. 

To  predict  a transfer  curve  with  cut  of  phase  operation  requires  the 
solution  of  a transcendental  aquation.  This  is  done  numerically  for  r ■ .9 
and  the  results  are  plotted  as  broken  lines  for  phase  angles  of  60  and  120 
degrees  in  Fig.  MRI-13U52.  The  solid  lines  are  experimental  curves.  A com- 
parison of  the  results  indicates  that  the  theoiy  is  correct  and  can  be  used 
with  fair  reliability  to  predict  the  trend  of  any  transfer  curve  for  any  phase 
angle,  regardless  of  the  shape  of  the  control  pulse. 


C.  A-C  Excitation  Plus  D-C  Bias 


From  the  point  of  voiew  of  an  a-c  excited  stage  alone  the  transfer 
curves  of  Figs.  MPJ-13UU2  to  MRI-13Uii6  are  in  a rather  awkward  position.  The 
use  of  a d-c  bias  comes  to  mind,  the  direction  of  which  being  "negative")  that 
is,  in  the  same  direction  as  the  control  pulses.  From  s theoretical  stand- 
point the  bias  (if  perfectly  constrained)  should  allow  the  decaying  core  to 
slip  out  of  saturation  even  before  the  control  angle  and  instead  cause  it  to 
lock  at  some  other  value  of  flux  along  the  slope  of  the  B-H  loop.  This  would 
mean  a reduction  in  F0  and  a corresponding  later  firing  angle.  The  delay  in 
the  firing  angle  is  manifested  by  a shift  of  the  transfer  curve  to  the  right. 
The  flux  where  the  core  locks  can  be  determined  from  the  d-c  control  magne- 
tization curved  0f  the  circuit. 

The  first  thing  that  is  observed  in  attempting  to  tslca  transfer 
curves  of  the  a-c  excited  doubler  circuit  with  bias  is  the  instability  illus- 
trated in  Fig.  MRX-13U51-P  and  so  often  encountered  in  underdriven  magnetic 
amplifiers.  The  extent  of  the  instability  increases  with  the  bias  and  for 
the  ordinary  unbiased  case  only  a very  slight  instability  is  observed . This 
instability  can  be  eliminated  entirely  by  slightly  overdriving  the  amplifier. 
To  sidestep  this  difficulty  all  the  transfer  curves  of  Fig-  MRI-13U5>3  are 
taken  for  decreasing  values  of  load  current. 


I 


R-332-53,  PIB-268 


21 


It  is  seen  from  Fig.,  MKE-13453  that  although  the  bias  shifts  the 
transfer  curves  into  a more  accessible  position,  the  gain  is  reduced  by  a 
factor  of  2 or  3.  Also  the  useful  linear  range  is  reduced  since  there  is  a 
discontinuity  when  the  firing  angle  reaches  the  control  angle.  The  condition 
of  full  saturation  throughout  the  half-cycle  is  never  reached  because  of  the 
presence  of  the  demagnetizing  d-c  MMF-. 

In  view  of  these  disadvantages,  the  use  of  d-c  bias  would  be  limited. 
Instead,  however,  there  is  nothing  wrong  with  biasing  the  first  stage  which  is 
d-c  excited. 


p.  Control  with  "Positive"  A-C  Excitation 

Control  by  varying  the  angle  of  truncation  can  also  be  achieved  by 
applying  ths  control  pulses  in  a positive  sense.  This  requires  a large  nega- 
tive bias  (larger  than  that  required  to  shift  the  curves  with  "negative"  con- 
trol), since  the  positive  pulses  alone  will  keep  both  cores  saturated  through- 
out the  cycle. 

With  "positive"  control,  the  firing  and  control  angles  vary  in  the 
same  direction,  whereas  with  "negative"  control  they  vary  in  opposite  direc- 
tions and  meet  somewhere  along  the  way.  Now  the  firing  angle  precedes  the  con- 
trol angle  as  shown  in  Fig.  MRI-13U51-C,  and  the  high  gain  region  is  obtained 
for  control  angles  late  in  the  half-cycle. 

Fig.  MRI-13U5U  is  a plot  of  transfer  curves  for  different  values  of 
d-c  bias.  The  gain  is  of  the  sane  order  of  magnitude  as  with  "negative"  con- 
trol for  the  same  parameters,  but  the  curves  do  not  exhibit  quite  the  linearity 
enjoyed  by  the  amplifier  with  "negative"  control.  Also,  it  is  observed  that 
low  values  of  load  current  are  not  in  ’.he  linear  range  and  this  - plus  the 
necessity  of  a large  d-c  bias  - would  limit  the  use  of  "positive"  control  to 
applications  where  the  average  control  Current  must  be  kept  at  low  values  for 
no  a-c  signal. 


E.  Effect  of  Shunting  Additional  Windings  with  Resistances 

A very  interesting  property  of  the  a-c  excited  doubler  circuit  is 
observed  when  a low  resistance  is  shunted  across  an  additional  winding  on 
each  core.  In  the  d-c  excited  self-saturating  amplifier,  the  effect  of  this 
resistance  is  to  pivot  the  transfer  curve  to  the  left  about  the  upper  knee 
of  the  original  curve. 5 This  results  in  a severe  reduction  in  gain  inversely 
proportional  t'O  ths  shunting  resistance. 

It  is  seen  from  the  transfer  curves  of  Fig.  MRI-llU!?!?  that  no  such 
reduction  takes  place  when  a-c  excitation  - varying  the  angle  of  truncation  - 
is  applied.  Even  when  the  auxiliary  winding  of  ten  turns  is  shorted  out  com- 
pletely, so  that  only  ths  winding  resistance  of  less  than  one  ohm  remains,  the 
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gain  is  hardly  affected.  Only  the  minimum  point  is  raised.  On  the  other  hand, 
shorting  the  winding  for  the  d-c  excited  amplifier  was  observed  to  reduce  the 
gain  by  a factor  of  thirty. 

Dissipation  in  a resistance  shunting  a winding  can  bo  used  to  simu- 
late the  eddy-current  loss  in  a core, 13  Conclusions  should  not  be  hastily 
drawn  from  Fig.  MRI -131*55,  however,  concerning  the  independence  of  the  a-c  ex- 
cited amplifier  from  eddy- currents,  since  with  a-c  operation  the  eddy-currents 
may  behave  in  an  entirely  different  way,  but  these  results  should  at  least 
indicate  the  order  of  the  effect. 


F.  The  Use  of  a Less  Sensitive  Core  Material 


In  Section  A of  this  Chapter  it  was  explained  why  it  is  expected 
that  the  operation  of  the  a-c  excited  self -saturating  amplifier  should  be  in- 
dependent (if  magnetizing  current  is  still  negligible)  of  a change  in  the  slope 
of  the  vertical  portions  of  the  B~H  loop. 

Consider  a core  material  such  as  Hyper3il,  a major  d-c  hysteresis 
loop  of  which  is  in  the  Appendix.  A minor  loop  is  photographed  in  Fig.  MBT- 
13UU9-b.  The  decaying  core  locks  in  at  the  zero  MMF  value  as  in  the  case  of 
Hypernik  7,  but  now  this  point  is  below  saturation.  The  material  is  seen  to 
be  much  less  sensitive  than  Hypernik  V,  Not  only  is  the  slope  considerably 
reduced  but  there  is  also  no  distinct  transition  between  the  "saturated"  and 
"unaaturated"  regions.  Thus,  in  both  the  a-c  and  d-c  excited  cases,  there  is 
no  longer  the  cleanly  truncated  load  wavs  form  observed  with  Hypernik  V.  Also 
the  magnetizing  current  is  considerable  because  of  the  lower  unsaturated  induc- 
tance. 


It  is  therefore  expected  that  the  transfer  curves  exhibit  a high 
degree  of  nonlinearity,  in  both  the  a-c  and  d-c  cases,  when  Hypersil  is 
used.  Furthermore,  in  the  d-c  case  the  "gain"  (taken  arbitrarily  as  the  maxi- 
mum slope)  is  seriously  affected,  mainly  because  of  the  reduction  in  the 
slope  of  the  B-H  loop. 

With  a-c  excitation,  however,  it  is  not  the  slope  itself  but  rather 
the  other  factors  (round  knee,  magnetizing  current)  which  alter  the  shape  of 
the  transfer  curves.  Refer  to  Fig.  MRI-13U56.  Curves  K-l  and  K-2  compare 
Hypersil  to  Hypernik  7 for  equal  forward  mesh  resistances,  and  it  is  seen 
that  over  a small  range  the  gain  with  Hypersil  comes  very  close  to  the  gain 
using  Hypernik  7.  At  any  rate,  the  difference  is  many  times  less  than  was  ob- 
served with  d-c  excitation  and  in  comparison  to  more  sensitive  core  materials 
Hypersil  would  stand  up  very  much  better  with  a-c  excitation. 

When  the  forward  mesh  resistance  is  lowered  as  for  curve  K-3  of 
Fig.  MKE-13U56,  the  gain  using  Hypersil,  is  very  high  and  this  indicates  that 
it  is  the  winding  resistance  rather  than  core  properties  which  imposes  a prac- 
tical limitation  on  the  gain. 
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From  these  considerations  it  is  concluded  that  in  many  cases 
Hypersil  can  be  used  as  the  core  material  for  the  last  stage  of  a multistage 
amplifier  with  but  little  reduction  in  overall  gain.  However,  because  of 
the  rounded  wave  forms,  the  output  cannot  be  used  to  excite  further  stages 
in  the  sane  manner. 


0.  . The  Effect  of  Rectifier  Leakage 

Leakage  of  the  mesh  rectifiers,  when  a negative  voltage  is  applied, 
exerts  its  greatest  influence  during  the  short  interval  before  the  control 
angle.  With  only  slight  leakage  the  flux  of  the  decaying  core  remains  prac- 
tically locked  in  at  a constant  flux,  as  shewn  in  Fig.  MRI-13UU9-0,  up  to  the 
control  angle.  However  when  additional  leakage  is  introduced  (by  shunting  the 
rectifiers  with  resistors),  there  is  a demagnetizing  effect  because  of  the 
negative  mesh  currents,  and  the  MMF  varies ,,  preventing  the  locking  of  the  cores 
at  a fixed  value  of  flux„  A large  amount  of  leakage,  as  caused  by  1000  ohm 
shunting  resistors,  results  in  the  flux  wave  form  of  Fig.  MRI-13UU9-f,  where 
it  is  seen  that  tho  core  does  not  lock  at  all. 

The  effect  on  the  transfer  characteristics  is  shown  in  Fig.  MHI- 
13U57.  Unlike  the  case  with  d-c  excitation^,  there  seems  to  be  no  appreciable 
reduction  in  linearity.  The  gain,  however,  is  reduced  quite  a bit.  The  re- 
duction in  gain  seem3  to  begin  after  a critical  value  of  leakage.  This  value 
probably  corresponds  to  the  demagnetizing  MMF  just  required  to  unlock  the  core 
past  the  knee  of  the  B-K  loop.  For  lesser  leakage  the  demagnetization  results 
in  no  change  of  flux  and  do*-  , not  affect  the  operation  much. 

A comparison  of  curves  L-U  and  L-6  indicates  that  the  amount  of  leak- 
age is  independent  of  load  resistance. 

Equation  (33)  states  that  as  the  voltage  is  halved,  the  currant  gain 
should  also  be  halved.  Comp>aring  curves  L-U  and  L-5>,  which  are  for  large 
amounts  of  leakage,  shows  the  gain  to  be  little  changed  by  halving  the  vol- 
tage. The  conclusion  is  that  halving  the  voltage  also  halves  the  leakage 
current  which  compensates  for  the  drop  in  gain  predicted  by  Eq.  (33). 


H.  Effect  of  Lowering  Control  Circuit  Resistance 


It  was  previously  mentioned  that  the  assumption  of  control  current 
"forcing”  can  always  b«i  fulfilled  by  using  a large  enough  control  circuit  re- 
sistance. If  this  resistance  is  decreased,  the  effect  of  induced  voltages 
from  the  load  windings  to  the  control  windings  will  become  pronounced,  and  as 
explained  in  Section  A of  this  Chapter,  a circulating  current  will  flow  before 
the  control  angle  in  the  same  direction  as  the  applied  control  current. 
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Fig.  MRI-13U60-a  and  Fig.  MRI-13«60-b  show  photographs  of  the  con- 
trol current  with  a low  control  resistance  (ten  ohms)  for  shorted  and  un- 
shorted control  windings.  Compare  these  with  Fig.  MRI-13UU9-C  and  Fig.  MRI- 
13UU9-d.  With  the  control  windings  shorted,  there  are  no  induced  voltages. 

It  is  seen,  however,  that  the  control  current  wave  shape  is  far  oil*  *thv  1.  d sal 
•nyvay,  there  being  no  sharp  truncation.  This  is  because  the  first  stage  ir 
operated  with  a low  resistance  and  a low  voltage  (to  keep  the  current  ampli- 
tude fixed).  When  the  shorting  is  removed  from  the  control  windings,  the 
effect  of  ths  induced  voltages  on  the  control  current  is  observed. 

The  curves  of  Fig.  MRI-13U58  show  the  effect  of  insufficient  forcing. 
As  the  resistance  was  lowered,  the  voltage  of  the  first  stage  wa3  also  lowered 
in  order  to  keep  the  same  current  amplitude.  It  is  seen  that  if  the  control 
circuit  resistance  is  lowered  too  much,  the  gain  decreases. 


III.  Transient  Behavior 


A.  Background 

In  general  any  amplifier,  whether  magnetic  or  electronic,  has  asso- 
ciated with  it  a certain  delay,  the  extent  of  the  delay  usually  being  directly 
related  to  the  magnitude  of  the  gain.  In  terms  of  a sinusoidal  input  the  delay 
is  interpreted  as  a frequency  and  phase  response.  With  a step  input  the  delay 
is  measured  in  terms  of  a "rise  time"  or  "time  constant". 

Since  a magnetic  amplifier  is  essentially  a d-c  amplifier,  it  is 
convenient  to  express  its  delay  as  a response  due  to  a step  signal  within  its 
linear  range  of  operation.  The  "tin*  constant"  of  the  as pli.fi er  is  defined 
as  the  time  required  for  the  completion  of  an  output  change  of  6356  after  a 
step  signal  is  applied. Id  The  "output"  refers  to  the  average  output  over  a 
cycle  and  the  time  response  is  pictured  as  taking  place  over  a large  number  of 
cycle 3.  The  transient  can  never  be  less  than  one  cycle  since  it  requires  at 
least  that  long  to  reacn  a steady  state  condition. 

The  term  "time  constant"  implies  that  the  output  changes  as  a simple 
exponential.  This  is  only  true  in  the  case  of  a linear  single-delay  system. 

In  general,  there  may  be  several  stages  which  introduce  several  independent 
delays.  In  addition,  magnetic  amplifiers  do  not  behave  linearly  within  each 
cycle.  However,  if  the  operation  is  restricted  to  a straight  line  portion  of 
the  transfer  curve,  and  if  the  time  response  is  long  enough,  the  response  is 
very  close  to  an  exponential. 

The  time  constant  is  often  expressed  in  cycles  of  line  frequency 
instead  of  seconds. 


. 
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B.  Method  of  Transient  Obsarv*  tioi,. 

In  order  to  obtain  a stationary  pattern  of  the  transient  on  an  os- 
cilloscope, the  step  must  be  applied  repetitively  .end  periodically.  This  is 
done  by  switching  the  d-c  input  to  the  first  stage  by  means  of  a fast  acting 
relay  which  is  operated  from  a chain  of  electronic  frequency  dividers  driven 
from  line  frequency.  Details  of  this  instrument  are  given  in  the  Appendix. 

This  is  the  same  as  applying  a square  wc.ve  input  whose  half  period  is  long 
enough  to  allow  the  transient  to  Battle.  It  is  important  that  the  impedance 
the  amplifier  sees  looking  back  into  the  switching  circuit  is  not  much  dif- 
ferent when  the  switch  is  open  or  closed,  since  the  time  response  is  in  general 
a function  of  this  impedance. 

The  test  setup  is  seen  in  Fig.  MhT-13u5?-& - The  oscilloscope  sweep 
must  be  made  a very  low  frequency  since  the  transients  are  slov.  This  is 
accomplished  by  means  of  the  external  condenser  as  shown.  A 3waep  period  of 
two  seconds  is  a typical  value.  Since  the  sweep  is  al  ow,  the  scope  screen 
should  be  long  persistent. 

Since  only  the  average  value  of  output  is  of  interest,  the  output 
is  first  averaged  by  means  of  a Cyclic  Integra v,or,l5  which,  by  electronic 
integration,  gives  a pulse  for  each  cycle  the  height  of  which  is  proportional 
to  the  average  output.  Photographs  of  the  resulting  displays  are  seer,  in 
Figs.  MRI-13U60-C,  d,  e,  f,  and  Fig.  MRI-13U61. 


C.  Overall  Transient  Response  of  Two-Stage  Magnetic  Amplifier 

The  second  stage  of  a twc-otage  magnetic  amplifier  is  a-c  excited 
from  the  rectified  output  of  the  first  stage,  which  itself  is  d-c  excited. 

For  proper  operation  the  control  current  to  the  second  stsge  must  be  forced 
by  using  a large  enough  control  circuit  resistance.  Thus,  the  control  wind- 
ings are  fed  from  an  effective  current  source  which  means  that  th"  time  re- 
sponse of  the  first  stage  is  unaffected  by  the  presence  of  the  second  stage. 
This  was  checked  experimentally  by  observing  the  response  of  the  first-  stage 
when  the  control  windings  of  the  second  stage  were  connected  and  then  they  were 
shorted.  No  difference  was  observed. 

In  the  a-c  excited  amplifier  stage,  a step  signal  means  that  the 
control  angle  jumps  from  one  value  to  another  instantaneously.  This  la  poss- 
ible if  the  current  is  forced.  Unlike  the  d-c  situation  this  does  not  mean 
that  the  minimum  flux  within  a cycle  must  jump  from  one  cycle  to  the  next. 

The  minimum  flux  is  not  determined  from  a d-c  MMF  and  is  sst  by  the  control 
angle  in  the  steady  state  only.  During  a transient  the  minimum  flux  changes 
gradually  and  the  second  stage  has  a delay  despite  the  fact  that  the  control 
current  may  jump.  The  time  constant  of  the  second  stage  will  be  considered 
in  the  following  sections.  At  present,  let  it  suffice  to  say  that  the  second 
stage  alone  has  a time  constant  denoted  by  T2. 


I 
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Tha  question  arises  in  what  manner  the  two-stage  amplifier  responds 
to  a step  signal  to  the  first  stage  if  the  stages  have  time  constants  of  Ti 
and  T2,  respectively.  The  problem  consists  of  determining  the  response  of  the 
second  stage  of  time  constant  T2  to  an  exponential  of  time  constant  Ti  which 
is  the  output  of  the  first  stage  when  a step  is  applied  thereto.  This  can  be 
solved  using  the  Laplace  Transforms. 

The  resulting  response  is  of  the  same  form  as  the  current  obtained 
when  an  exponential  voltage  wave  shape,  of  time  constant  Ti,  is  applied  to  a 
deenergiasd  resistance-inductance  series  circuit  of  time  constant  T2. 


Thus 


I(p) 


E(p) 

Z(p) 


If?'  1 


where,  if  Ki  is  a constant,  the  impres-ed  voltage  is 


t 

K1  ( 1 - e ‘ T-l) 


which  transforms  into 

E(p)  - K (i V*) 

P p ♦ ~ 


and 


Z(p)  - K2  (p  ♦ ijH) 


1 


P (P  ♦ — ) 
T1 


Then 


I(p) 


K 1 

T1  T2  p(p  ♦ L)  (p  + k.) 

h T2 


(55) 


where  K is  another  constant.  The  inverse  transform  of  Eq.  (55)  yields 
solution  for  the  response 

t t ~ 

T,  s T,  - T?  e t2 

ir  1 / X fc  \ 


tU  . 


(56) 
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This  is  valid  if  the  two  time  constants  are  different.  If  ■ T2, 
Eq.  (55)  becomes 


I(p) 


K 1 

T,2  p(  p ♦ -1-)2 
A ' T1 


the  inverse  transform  of  which  gives  the  response  as 


for  T]_  - T2 


(57) 


(58) 


Eq.  (56)  gives  the  response  of  a two-stage  amplifier  to  a step 
input  in  terms  of  th3  individual  time  constants.  Fig.  MEE-13U59-b  shows  the 
response  for  two  different  cases. 


D.  Transient  Response  of  A-C  Excited  Stage  ->  Observation 

The  determination  of  the  time  response  of  the  d-c  excited  self- 
saturating  circuit  is  discussed  elsewhere. 7 it  is  the  second  or  &-c  excited 
stage  with  which  this  work  is  concerned.  As  mentioned  previously,  a step 
input,  to  an  a-c  excited  amplifier  means  that  the  control  angle  Jumps  from 
one  value  to  another.  Direct  switching  cannot  be  uaed  to  accomplish  this. 
Instead  the  test  stage  is  fed  from  a d-c  excited  amplifier  where  switching 
can  be  accomplished  easily  as  described  in  the  Appendix. 

It  is  seen  from  Eq.  (56)  that  if  the  time  constant  of  the  first 
stage  is  small  compared  to  that  of  the  second  stage,  the  overall  response 
approximates  a simple  exponential  ar;d  the  observed  "time  constant"  is  but 
little  greater  than  that  of  the  second  stage  alone.  All  measurements  are 
taken  with  the  doubler  circuit  of  Fig.  MRI-13i*36-a.  The  core  material  is 
Hypernik  V.  In  all  observations  the  switching  rare  is  I/6I4.  of  the  line  fre- 
quency. The  time  constant  in  cycles  is  read  directly  by  counting  the  number 
of  pulses  (see  Section  B of  this  Chapter)  up  to  the  63%  point,. 

The  photographs  of  Fig.  MRI-13U60-C,  d,  e,  f are  taken  for  varying 
parameters.  It  is  seen  that  the  time  constant  is  practically  independent 
of  control  circuit  resistance,  control  turns,  and  load  turns.  It  is  not  so 
surprising  that  the  response  is  independent  of  control  resistance  and  control 
turns  since  the  control  current  is  forced  through  them  anyway.  At  first, 
however,  it  is  startling  that  the  response  is  independent  of  load  turns,  since 
the  cores  are  the  seat  of  the  delay  and  their  influence  should  be  felt  in 


F.-332-53,  PIB-268 


26 


relation  to  the  number  of  turns  through  which  they  are  introduced  into  the 
load  meshes.  Nevertheless,  it  is  shown  in  the  following  section  that  the 
result  is  theoretically  correct. 

It  is  further  observed  (but  no  photos  are  shown)  that  the  time 
constant  is  virtually  independent  of  line  voltage  and  control  amplitude.  In 
addition,  the  time  constant  is  not  related  to  the  operating  range  as  long  as 
it  remains  in  the  linear  region.  Another  point  to  be  made  is  that  no  differ- 
ence can  be  detected  upon  rise  and  decay  of  the  transient.  In  the  d-c  excited 
doubler  circuit  such  a difference  has  been  observed  and  explained. 7 

For  the  given  circuit  only  two  quantities  are  seen  to  influence  the 
time  constant  to  any  extent.  They  are  load  resistance,  Rj,,  and  forward  mesh 
resistance,  Rjr.  Fig.  MRI-13U61  shows  various  response  patterns  as  these  para- 
meters are  varied.  Clearly  the  time  constant  is  observed  to  increase  as  the 
load  resistance  increases  but  decreases  as  the  forward  mesh  resistance  is 
made  higher. 


E.  Transient  Response  of  A-C  Excited  Stage  - Theory 

It  is  extremely  difficult  to  derive  an  exact  theory  of  the  transient 
response  of  a magnetic  amplifier,  but  if  one  speaks  of  relatively  longer  time 
constants  and  considers  only  average  quantities  where  operation  is  restricted 
over  linear  portions  of  the  transfer  curves,  the  problem  can  be  attacked  more* 
easily. 

A method  used  by  Storm^  for  a simple  d-c  excited  amplifier,  which 
gave  good  correlation  between  theory  and  observed  results,  will  be  applied 
here.  It  must  be  remembered  that  the  solution  involves  many  approximations, 
but  even  if  the  results  are  not  mathematical  certainties,  they  can  be  used  to 
show  a qualitative  trend.  As  it  turns  out,  however,  the  theory  is  in  close 
agreement  with  the  previously  observed  results. 

An  "average"  or  "effective"  inductance  is  defined  for  each  core  as 
the  change  in  average  flux  linkages  per  change  in  average  amperes;  that  is, 

A F, 

L 5 N i (59) 


Consider  the  doubler  circuit  of  Fig.  MRI-13U36-a.  If  the  control 
current  is  forced  and  a step  is  applied  (meaning  a jump  of  the  control  angle), 
the  only  effect  of  the  control  circuit  is  to  induce  a step  driving  function 
in  the  load  windings.  Then  the  equivalent  circuit  with  the  elements  linear- 
ized is  as  in  Fig.  MHI-13ii3>9-c  where  only  average  quantities  are  considered. 
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It  is  known  from  the  steady  state  theory  (Chapter  I,  Section  C)  that  the 
rectifiers  conduct  nearly  throughout  the  whole  cycle,  the  only  time  they 
block  being  during  the  sho'-t  portion  of  the  negative  half  cycle  before  the 
control  angle.  It  will  therefore  be  assumed  that  the  rectifiers  can  be  re- 
presented in  Fig.  MRI-13U59^c  by  a constant  forward  resistance  and  this 
lumped  with  the  winding  resistance  is  the  quantity  called  Ry. 

The  mesh  equation  for  the  upper  loop  is 

0 " (®l  + ^ + pL)  *1  ' *1*2 
But  by  the  symmetry  of  operation  I]_  ■ 1 2,  therefore 

a “ (Ry  + PL)  11 


and  since  e is  a step  the  time  constant  is 


T 


2 


(60) 


It  remains  to  determine  "L11.  It  should  be  noted  that  Eq.  (60)  is  valid  only 
for  the  doubler  circuit.  Note  that  in  the  full -wave  circuit  of  Fig.  MRI- 
13U62-b  the  time  constant  would  be  L since  the  currents  add  in  the 
load  resistance.  5Rj.  ♦ Ry 

Now  if  magnetizing  current  is  neglected,  the  current  I^  has  two 
components,  namely,  one-half  the  load  current  plus  the  average  circulating 
current.  Then 


- 1 - N 

A I-,  - - A IT  *•  A — ~ I 

1 2 L N c 


where  Ic  is  itself  negative, 


A I- 


But  A Ic  - A li/Oj  » +'hus 

. i (I . Ik  i_\ 

4 U.  l2  N 0X' 


The  second  term  in  the  parenthesis  is  ordinarily  much  less  than  a half. 
Hence,  A I^a-  1 A 1^  , and  Eq.  (59)  becomes 


L 


* 


(61) 
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At  this  point  another  approximation  is  made..  The  average  flux  in  core  No.  1 
is  taken  to  be  the_  mean  of  the  minimum  flux,  F0,  and  the  saturation  flux,  Fg. 
In  other  works.  Ft  ss  Fs  ♦ Fn  , and 

2 


Now  from  Eqs.  (1.5)  and  (19)  with  Fx  negligible 


and 


ra  - ?o  ■ fh  <-x  - "5S  “V 


4 r y 

4 7,  “ - A COS  Oil 

1 2 2 3 


but  from  Eq.  (32), 


therefore, 


A cos  <at 
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thus. 
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Substituting  back  into  Eq.  (61),  the  effective  inductance  is  seen  to  be 


L - ~ — 

2 f 


(62) 


This  gives  the  rather  interesting  result  that  the  effective  or 
average  inductance  seen  by  the  load  mesh  is  independent  cf  the  turns  and  is 
related  to  the  total  mesh  resistance  directly.  Substituting  in  Eq.  (60)  the 
time  response  is  seen  to  be 


»v  « • • » *>• 
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or 
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1_  B? 
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in  seconds 


2 Ry 
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(Bi  * V 

I 

*F 


In  cycles 


(63) 


Thus,  *s  previously  observed,  the  time  constant  is  determined  only 
by  the  load  and  forward  mesh  resistances.  Expression  (63)  can  be  rewritten  as 


2 2 R*  - ^ 2 (1-r) 

Thus,  the  time  constant  is  seen  to  be  inversely  related  to  the  cosine  gain 
given  by  Eq.  (23). 

A comparison  of  the  measured  results  of  the  preceding  section  and 
the  values  of  time  constant  calculated  from  Eq.  (63)  is  given  in  Table  2,  Fig. 
IBI-13U75-  The  results  are  seen  to  be  in  very  good  agreement.  The  observa- 
tions in  Fig.  MRI-13U61  could  only  be  made  within  a certain  accuracy  and  a 
range  rather  than  a fixed  value  is  given  as  the  result. 

In  all  photographs  the  time  constants  on  rise  and  decay  of  the  tran- 
sient are  indistinguishable . In  the  d-c  excited  doubler  there  is  a difference 
due  to  a circulating  current  on  decay. 7 In  the  a-c  case,  however,  the  circulat- 
ing currents  are  already  considered  and  they  are  not  affected  by  the  direction 
of  the  step  signal. 
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F.  Figure  of  Merit 

The  figure  of  merit  of  a magnetic  amplifier  is  defined  as  the  ratio 
of  gain  to  time  constant  in  cyclss. 

At  this  point  the  multistage  amplifier  shows  a great  advantage,  since 
the  overall  gain  is  the  product  of  the  gains  of  the  individual  stages,  whereas 
It  can  be  said  with  tongue  in  cheek  that  the  total  time  constant  is  only  the 
sum  of  the  individual  time  constants.  Thus,  the  figure  of  merit  is  greater 
than  would  be  obtained  with  but  one  stage. 

From  Eqs.  (23)  and  (63)  the  "cosine"  figure  of  merit  of  the  a-c  ex- 
cited stage  ist 
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The  ‘’current”  .figure  of  merit  is  from  (33), 
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The  ’’voltage’'  figure  ol’  msrit  is  from  (3k), 
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The  "power"  figure  of  merit  is  from  (35)* 
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Most  often  the  performance  is  expressed  in  terms  of  the  power  figure 
of  merit.  To  maximize  it  the  winding  and  rectifier  forward  resistance  should 
be  kept  small.  To  raise  the  voltage,  either  the  load  turns  must  be  increased 
in  order  to  keep  the  "minirsjus  point"  on  the  transfer  curves,  or  else  cores 
with  larger  cross-sectional  area  used  to  raise  the  saturation  flux.  However, 
increasing  the  load  turns  raises  the  winding  resistance.  To  minimize  the  con- 
trol amplitude  in  Eq.  (6?),  more  control  turns  must  be  used  to  satisfy  Eq.  (16). 
The  control  resistance  must  not  be  lowered  so  much  that  the  control  current 
can  no  longer  bo  assumed  as  forced.  In  addition,  it  should  be  kept  in  mind 
that  it  is  the  overall  figure  of  merit  that  is  important  in  a multistage  ampli- 
fier and  increasing  the  figure  of  merit  of  the  *-c  excited  stages  should  not  be 
done  at  the  expense  of  that  of  the  first  stage  unless  the  overall  figure  of 
merit  is  greater. 


The  gain,  time  response,  and  hence  the  figure  of  merit  of  the  a-c 
excited  self-saturating  circuit  is  to  a first  approximation  independent  of  core 
characteristics.  This  is  in  contrast  to  the  d-c  excited  self- saturating  cir- 
cuit, where  the  figure  of  merit  is  seriously  contingent  on  core  characteristics 
and  dimensions. 17  The  upper  practical  limit  to  gain  and  figure  of  merit  ob- 
tainable is,  however,  definitely  determined  by  the  cores. 


IV.  Application  to  Various  Circuits 
A . Half-Wava  Circuit 


Until  now  the  entire  discussion  was  limited  to  the  voltage  doubler 
circuit,  since  it  reacts  most  favorably  to  a-c  excitation  as  present  comparison 
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will  reveal.  As  a special  case  of  the  doubler,  consider  the  situation  when 
r - 0.  This  r.<?*ns  that  the  entire  mesh  resistance  is  in  series  with  the  wind- 
ings and  there  is  no  coupling  between  the  two  meshes. 

The  half-wave  circuit  of  Fig.  MRI-13U62-a  represents  one  mesh  of  the 
doubler  circuit  when  r - 0.  Useful  load  current  flows  only  during  one  half- 
cycle. Referring  to  the  ideal  cosine  relationships  of  Fig.  MHT-13UUO-C,  it  is 
seen  that  the  cosine  gain  for  r - 0 is  unity,  and  that  there  is  no  discontinuity 
in  the  characteristic. 


Since  uhs  control  current  has  i effect  on  a core  whose  flux  is  rising, 
it  is  necessary  to  have  control  only  dur:  c the  negative  half-cycle.  The  ideal 
wave  forms  are  drawn  in  Fig.  MRI-13U62-C.  Note  that  now  both  the  maximum  aver- 
age control  current  and  maximum  average  load  current  are  reduced  by  a factor  of 
two  far  the  same  voltage,  control  amplitude,  and  total  mesh  resistance  as  for 
the  doubler. 


For  the  half-wave  circuit  the  previous  gain  relationships  can  be  ap- 
plied with  Rp  - R*„  Hence,  if  control  current  is  used  oyer  only  one-half  of 
the  cycle,  it  follows  from  Eq.  (33)  that 
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(68) 


which  means  that  the  gain  is  the  ratio  of  the  load  current  amplitude  to  the 
control  current  amplitude. 

This  result  is  valid  for  all  control  angles  since  there  is  no  discon- 
tinuity of  modes.  An  actual,  transfer  curve  is  plotted  in  Fig.  MRI-  13U61*  and 
the  result  is  in  agreement  with  the  above. 


Although  the  half-wave  circuit  gives  good  linear  operation  and  its 
range  encompasses  all  control  angles,  its  usefulness  is  seriously  impaired  by 
the  fact  that  it  has  an  inherent  low  gain  about  which  not  much  can  be  done. 


The  theoretical  time  constant  can  be  found  in  the  same  way  as  for 
the  doubler  circuit  (Chapter  III,  Section  E) . The  "effective  inductance"  is 
again  given  by  Eq,  (62).  The  effective  resistance  is  now,  however,  R*  instead 
of  Rp.  Hence 
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and  substituting  R*  for  Rp  in 
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which  is  a bad  approximation  since  the  transient  analysis  is  valid  only  for 
longer  time  constants  * However,  the  photograph  of  Tig.  MKI~13U67-a  shows  the 
time  response  to  be  close  to  one  cycle  which  is  considerably  faster  than  for 
the  doubler  circuit. 
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B . Full-Wave  Circuit 

The  only  difference  in  the  basic  equations  for  the  full-wave  circuit 
of  Fig,  MBH-13U62-b  is  that  Eqs.  (1),  (2),  and  (3)  should  be  rewritten  as 
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Thus,  in  computing  the  voltage  across  core  No.  2,  dFo/dt,  when  core 
No.  1 is  saturated,  as  was  done  in  Eq„  (11),  the  quantity  (1-r;  becomes  (1+r) 
and  if  magnetizing  and  circulating  currants  are  once  again  neglected,  Bq.  (23) 
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<=  r - cos  cat 
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1 ♦ r 

The  cosine  gain  in  the  range  when  the  control  angle  is  less  than  the  firing 
angle  te  thus  seen  to  be  less  than  unity  end  have  a minimum  value  of  one  half 
(when  r - l).  Fig.  MRI-13U63~a  shows  the  cosine  relationships  for  different 
values  of  r.  Tt  is  seen  that  the  cosine  gain  for  the  full-wave  circuit  is 
greater  Tihen  the  control  angle  follows  the  firing  angle,  its  value  being  the 
reciprocal  of  the  cosine  gain  when  the  control  angle  occurs  earlier.  Thus, 
the  useful  range  for  the  full-wave  circuit  has  a maximum  co3ine  gain  of  two. 
In  particular 

°cos  “ (i-r)  *OT  0 < ootg  «c.  «tc  (70) 

and  the  current  gain  is  readily  found  to  be 
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(71) 
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Since  usually  the  winding  resistance  is  a small  part  of  th»  total  mesh  re- 
sistance, r is  nearly  unity  and  (1+r)  ~ 2.  Thus. 
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To  determine  the  theoretical  time  constant  when  operating  within 
the  basic  mode,  the  exact  same  method  can  be  applied  as  was  used  in  Chapter 
III,  Section  E for  the  doubler  circuit.  Now,  however,  the  currents  through 
the  common  load  resistance  add  and  as  a result  the  time  constant  is  given  by 
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(72) 


Since  the  derivation  of  the  quantity  "L"  made  no  specification  of 
the  relative  position  of  the  control  and  firing  angles,  its  value  is  the  same 
in  the  full-wave  circuit  even  though  the  basic  mode  is  for  a firing  angle  pre- 
ceding the  control  angle.  Thus,  the  time  constant  is  found  to  be 
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(73) 


since  Rj,  is  considerably  greater  Rj,  R*«  Rt,  and  T cs  ^ cycle. 

Of  course,  the  actual  time  constant  cannot  be  less  than  one  cycle, 
so  that  Eq.  (73)  is  written  only  for  purposes  of  consistency.  Fig.  MRI- 
13U67-b  is  a typical  response  pattern  for  the  full-wave  circuit. 


Table  3j  Fig.  MRI-13U75»  lists  values  of  theoretical  gain  anti  time 
constant  for  the  three  basic  circuits.  At  first  glance  it  seems  that  the 
theoretical  value  of  time  constant  for  the  full-wave  circuit  of  l/U  is  not  in 
accord  with  the  consistency  of  the  other  two  circuits  where  the  time  constant 
is  one-half  the  cosine  gain.  It  must  be  remembered,  however,  that  the  full- 
wave  circuit  is  operating  in  a different  region  (cots  before  <etc),  and  that 
actually  the  cosine  gain  of  the  full-wave  circuit  is  l/2  when  the  control  angle 
precedes  the  firing  angle. 


A transfer  curve  for  the  full-wave  circuit  is  plotted  ir.  Fig.  MRI- 
13U6U  and  the  trend  once  again  justifies  the  theory.  Control  in  the  high- 
gain  region  is  obtained  over  values  of  control  angles  late  in  the  half -cycle 
which  nay  be  a distinct  advantage  as  far  as  overall  gain  of  two  stages  is 
concerned.  The  gain  itself,  however,  is  ordinarily  much  lower  than  that  of 
the  doubler  circuit  and  in  addition  the  range  of  operation  has  a rather  high 
"minimum  point". 
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The  full-wave  circuit  does,  however,  have  an  intrinsically  fast 
response  time.  If  the  time  constant  i3  taken  as  tho  minimum  of  one  cycle, 
the  figure  of  merit  is  equal  to  the  power  g^in. 
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Thus,  although  the  response  of  the  full-wave  circuit  is  much  faster  than 
that  of  the  doubler  circuit,  the  figure  of  merit  of  the  doubler,  as  given  by 
Eq.  (67),  can  be  made  a good  deal  higher  than  that  of  the  full-wave  circuit. 


C.  The  Multistage  Amplifier 


The  possibilities  of  combining  a-c  and  d-c  stages  using  doublers, 
full -wave,  or  half-wave  circuits,  with  or  without  feedback  (see  Section  E 
of  this  Chapter)  are  indeed  numerous  and  offer  much  ’’meat'1  for  further  in- 
vestigation. 

The  schematic  of  a tested  two-stage  amplifier  is  drawn  in  Fig.  MRI- 
13U65.  The  cores  used  in  both  stages  are  of  Hypernik  V,  those  of  the  first 
stage  having  somewhat  smaller  dimensions.  A d-c  excited  full-wave  circuit  is 
used  as  the  first  stage  so  that  tho  input  to  the  second  stage  requires  no 
rectification.  The  second  stage  is  a doubler  circuit  - to  give  a high  gain  - 
the  input  to  which  is  the  output  current  of  the  first  stage.  Fig.  MRI-13U66 
is  a transfer  curve  of  the  entire  amplifier.  The  polarity  of  the  gain  is  re- 
versed from  the  single  stage  since  two  stages  are  used.  The  measured  current 
gain  is  720  corresponding  to  a power  gain  of  1.73  million.  The  measured 
overall  "time  constant"  from  the  photograph  of  Fig.  MRI-13)i67-c  is  about  30 
cycles  and  thus  the  figure  of  merit  is  $7,600  - a figure  much  higher  than 
would  ordinarily  be  obtained  from  a single  stage. 17  The  regions  of  operation 
of  each  stage  are  depicted  in  Fig.  MRI-13U6Q-a,  Note  that  although  the  first 
stage  operates  over  a region  close  to  the  bend  of  its  transfer  curve,  no 
appreciable  loss  in  linearity  results  since  the  excursion  of  the  first  stage 
is  small.  If  necessary  the  composite  transfer  curve  can  easily  be  shifted 
to  give  minimum  output  for  zero  d-c  input  by  applying  a small  d-c  bias  to 
the  first  stage.  It  is  noted  that  there  is  a power  dissipation  in  the  con- 
trol circuit  of  the  second  stage,  but  this  could  conceivably  be  made  use  of 
by  utilizing  the  control  circuit  to  drive  an  auxiliary  noninductive  load. 

The  high  figure  of  merit  obtained  with  two  stages  could  be  multi- 
plied many  times  by  employing  three  stages,  since  the  current  gains  multiply, 
whereas  the  individual  time  constants  sort  of  add.  It  should  be  possible  to 
obtain  figures  of  merit  of  the  order  of  several  million  without  difficulty  by 
hooking  another  doubler  to  the  output  of  the  circuit  of  Fig.  MRI-13U65.  A 
problem  arises  here,  however,  since  if  both  the  second  and  third  stages  had 
identical  transfer  curves,  the  input  excursion  to  the  third  stage  would  not 
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correspond  to  an  output  swing  of  the  second  stage  over  its  own  high  gain  re- 
gion, Instead  the  second  stage  would  operate  with  very  early  firing  angles 
corresponding  to  a portion  of  the  region  BC  of  Fig.  MRI-13U3V-C  which  gives 
low  gain  (or  even  an  attenuation).  The  remedy  is  to  somehow  shift  the  high 
gain  region  of  the  third  stage  to  the  right  as  shown  in  Fig.  MRI-13U68-b. 

This  can  be  done  in  several  ways.  One  msthod  is  to  apply  a small  d-c  bias  to 
the  last  stage.  Another  consists  of  operating  the  last  stage  at  a lower  vol- 
tage. The  shifting  effect  of  a reduced  voltage  was  observed  in  the  curves  of 
Fig.  MRI~13WiU.  The  possibility  of  substituting  a full-wave  circuit  for  the 
intermediate  stage  comes  to  mind  since  its  high-gain  region  is  obtained  over 
a range  of  early  firing  angles  (see  Section  B of  this  Chapter).  This,  however 
results  in  a lover  gain.  Any  attempt  to  increase  the  gain  of  the  intermediate 
stage  by  raising  the  amplitude  of  the  output  of  that  stage  reduces  the  gain  of 
the  third  stage  since  its  gain  is  inversely  proportional  to  its  control  ampli- 
tude. Despite  this,  the  method  nay  be  applicable  because  the  intermediate 
cores  can  be  of  smaller  sise  than  those  of  the  last  stage  and  consequently  re- 
quire less  control  amplitude  (see  Eq.  (16)), 

Thus,  by  using  sufficient  stages  very  small  d-c  signals  can  be 
amplified  to  give  large  power  changes  with  a relatively  quick  response.  The 
practical  limit  is  determined  by  the  smallest  signal  that  can  be  amplified 
without  being  drowned  out  by  pickup  and  drift.  The  overall  stability  of  the 
amplifier  cam  be  improved  by  incorporating  some  kind  of  negative  feedback  or 
by  using  a push-pull  arrangement. 

The  fact  that  the  control  current  of  an  a-c  excited  stage  is  uni- 
directional prevents  the  combination  of  two  such  units  in  a push-pull  arrange- 
ment by  themselves  if  the  angle  of  truncation  is  v.o  be  varied.  However,  an 
overall  push-pull  scheme,  such  as  illustrated  in  the  block  diagram  of  Fig. 
M8I-13U69-*,  is  feasible.  Each  "half"  of  the  push-pull  is  a multistage  ampli- 
fier, the  d-c  input  being  fed  to  both  halves  in  series.  The  outputs  are  then 
mixed  to  give  wave  forms  such  as  in  Fig.  Mai-13h69**b.  The  transfer  charac- 
teristic of  each  multistage  portion  of  the  push-pull  (such  as  those  of  Figs. 
MBI-13U68-a  and  MKI-13U68-b)  is  biased  to  the  position  where  a zero  d-c  input 
corresponds  to  about  one-half  full  output.  This  is  dole  by  applying  a d-c 
bias  current  to  the  first  stage  of  each  half.  The  inpvt  windings  are  arranged 
so  that  an  increase  in  the  output  of  one-half  section  decreases  the  output  of 
the  other.  The  net  output  is  the  difference.  The  overall  characteristics  of 
the  entire  circuit  is  sketched  in  Fig.  MRT-13U69-C.  If  doublers  are  used  as 
output  stages,  the  negative  values  of  output  should  be  interpreted  as  a phase 
reversal  of  180  degrees. 

This  arrangements,  Just  as  for  a single  stage  push-pull  circuit, 
gives  zero  output  for  zero  input  when  perfectly  balanced  (biasing  adjusted). 
The  output  range  and  the  gain  are  greater  than  with  just  a single  ended 
multistage  amplifier  of  the  same  parameters.  Also  the  linearity  is  consider- 
ably improved.  Small  variations  in  line  voltage  tend  to  cancel  since  both 
halves  are  affected  simultaneously.  This  is  also  true  for  any  common  varia- 
tion in  core  or  circuit  parameters  due  to  such  factors  as  heav.ing,  rectifier 
creep,  etc. 
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Two  possibilities  of  harmful  interaction  between  the  halves  are  in 
the  d-c  control  mesh  and  through  the  coimnon  load.  The  vse  of  a sufficiently 
high  control  circuit  impedance  will  prevent  coupling  through  the  control  mesh. 
The  influence  of  the  common  load  is  to  change  tirj  effective  that  each  out- 
put stage  sees  during  the1  portion  of  the  half -cycle  after  both  halvas  have 
reached  their  firing  angle.  Thus,  the  quantity  "r"  takes  on  two  different 
values  and  this  will  alter  the  individual  transfer  curves  to  some  extent. 

There  is  also  a reduction  in  current  gain  due  to  the  mixing  resistors  drawing 
power  themselves. 


D.  Frequency  of  the  Power  Source  - Discussion 

The  60  cycle  line  was  used  aa  the  power  source  in  all  experimental 
work  in  the  preceding  sections.  It  is  interesting  to  speculate  on  the  use  of 
a power  source  of  a higher  frequency,  say  in  the  audio  range,  for  application 
to  an  a-c  excited  amplifier. 

A magnetic  amplifier  is  essentially  a modulating  system,  the  "carrier” 
being  obtained  from  the  power  source  and  modulated  by  the  average  value  of  the 
signal.  The  signal  (meaning  a fluctuation  in  the  average  value  of  the  truncated 
control  current  in  the  a-c  excited  case)  must  be  of  a frequency  appreciably 
lower  than  the  carrier,  since  the  delay  discussed  in  Chapter  III  results  in  a 
frequency  response  characteristic  analogous  to  the  drop  in  gain  caused  by  stray 
and  inters lectr ode  capacities  in  electronic  amplifiers  at  higher  frequencies. 

It  is  sometimes,  but  by  no  means  always,  necessary  to  demodulate  the 
irregular  wave  forms  obtained  from  the  magnetic  amplifier  to  give  a fairly 
smooth  d-c  output.  Two  simply  circuits  to  accomplish  this  are  shown  in  Fig. 
MRI-13h?°-*.  The  arrangement  using  the  condenser  gives  a d-c  output,  the 
condenser  charging  to  the  peak  of  the  amplifier  wave  form.  This,  however,  is 
not  a reproduction  of  tbs  average  value.  The  use  of  tho  inductive  scheme 
gives  a true  average.  One  immediate  advantage  arising  from  the  use  of  a 
higher  carrier  frequency  is  to  require  smaller  demodulating  components  for 
the  same  smoothness  of  output. 

Another  advantage  lies  in  the  fact  that  the  time  response  in  cycles 
is  theoretically  independent  of  frequency,  but  the  response  in  seconds  becomes 
correspondingly  quicker  with  higher  frequencies. 

Not  only  does  the  response  quicken  with  higher  frequencies  but  tha 
voltage  applied  can  be  greater  for  the  same  saturation  flux  and  load  turns. 

Thus,  it  is  seen  from  Eq.  (33)  that  the  a-c  excited  amplifier  can  have  a 
higher  ultimate  gain.  Of  course,  Eq.  (33)  neglected  any  effects  the  fre- 
quency might  have  on  the  cores. 

It  is  known  that  core  losses,  due  partly  to  eddy- currents,  increase 
with  frequency.  This  may  change  the  core  characteristics  to  such  an  extent 
that  Eq.  (33)  must  be  modified.  However,  it  was  shown  in  Section  F of  Chapter 
II  that  tha  a-c  excited  amplifier  is  not  directly  affected  by  core  characteris- 
tics, the  influence  of  the  core  properties  on  the  gain  being  felt  to  a second 
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order  only.  Thus,  it  is  expected  that  the  effects  of  a higher  frequency  on 
the  circuit  are  not  as  severe  in  an  a-c  stage  as  in  the  d-c  excited  ampli- 
fier. 

Other  difficulties  may  arise  at  higher  frecuenci.es  because  of 
winding  leakage  inductance  and  rectifier  and  winding  capacity.  Also  a source 
supplying  sufficient  power  at  higher  frequencies  may  present  a practical 
difficulty. 


E.  Regenerative  Circuits  - Oscillator,  Flip-Flop 

Although  the  behavior  of  a magnetic  amplifier  is  nonlinear  within 
each  carrier  cycle,  a consideration  of  only  average  rectified  values  of  sig- 
nal and  output  leads  to  the  approximation  of  the  device  as  a linear  active 
element  provided  the  operation  is  restricted  to  linear  portions  of  the  trans- 
fer characteristic  and  there  is  no  "cutting  off"  at  either  end. 

The  analogy  to  a vacuum  tube  amplifier  then  comes  forth,  the  latter 
being  a voltage  amplifier  with  a 180  degree  phase  reversal,  and  the  magnetic 
amplifier  acting  as  a current  amplifier  with  arbitrary  phase  reversal  since 
the  windings  are  isolated.  Pig.  MRI-13U70-b  shews  the  linear  equivalent  cir- 
cuit for  each.  The  internal  inductance  shown  in  the  magnetic  amplifier  plays 
the  same  role  as  the  stray  capacity  in  the  electronic  circuit,  except  that  the 
effect  of  the  inductance  is  felt  at  a much  lower  signal  (modulating)  frequency 
when  speaking  in  terms  of  a sinusoidal  input..  The  inductance  is  determined 
among  other  things  by  the  type  of  circuit,  and  its  value  is  such  that  when 
divided  by  Rl  the  result  is  the  time  constant  in  seconds.  It  is  assumed  that 
the  amplifier  is  excited  from  a current  source  in  the  control  circuit,  a con- 
dition which  should  be  approached  in  the  a-c  excited  amplifier. 

In  Fig.  MRI-13U70-C  the  output  of  a magnetic  amplifier  of  any  num- 
ber of  stages  is  fed  back  to  supply  its  own  input.  The  circuit  will  be  un- 
stable and  oscillate  at  a modulating  frequency  (frequency  by  which  the  angles 
vary)  where  the  net  "phase  shift"  is  360  degrees  around  the  loop  provided  the 
loop  cosine  gain  is  equal  to  or  exceeds  unity  in  magnitude  at  that  frequency, 
since  then  the  amplifier  supplies  sufficient  input  for  itself.  There  are 
two  possible  sources  of  phase  shift.  Each  amplifier  section  itself  gives 
either  an  in  or  out  of  phase  output.  There  is  an  additional  phase  shift  in  each 
stage  due  to  the  inductance-resistance  divider  shown  in  the  equivalent  circuit 
of  Fig.  MHT-13470-b.  Each  divider  has  a theoretical  maximum  attainable  shift 
of  90  degrees  (at  infinite  frequency). 

Applying  these  principles  an  oscillator  was  set  up  with  three 
stages  of  doubler  circuits  using  Hypernik  V cores,  each  stage  giving  180  degrees 
phase  shift.  The  additional  180  degrees  required  for  oscillation  vers  pro- 
vided by  the  affective  inductances  of  the  circuits,  each  delay  giving  60  de- 
grees. The  block  diagram  is  shown  together  with  its  electronic  analogy  in 
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?Ig.  MRI-13U71.  Fig.  MRI-13U67-d  ie  a photograph  of  the  oscillatory  ware 
form  as  obtained  across  the  load  resistance  of  any  of  the  stages.  The  fre- 
quency is  seen  to  be  about  7 cycles  a second.  Thus,  the  circuit  can  supply 
a low  frequency  oscillation  of  considerable  power.  Care  was  taken  so  the 
high  gain  regions  of  each  circuit  overlap,  otherwise  the  circuit  would  not 
oscillate,  and  this  required  proper  adjustment  of  the  circuit  parameters. 

Six  cores  were  necessary  (two  for  each  stage). 

Using  two  stages,  360  degrees  phase  shift  is  obtained  only  at  a 
steady  signal  or  at  infinite  frequency  of  modulation.  The  attenuation  at 
higher  frequencies  due  to  the  inductance-resistance  divider  will  bring  the 
loop  gain  down  below  unity.  Thus,  the  two  stage  circuit  (using  negative  con- 
trol) with  the  output  fed  back  into  the  input  is  unstable  at  d-c  only.  That 
is  what  is  called  a "flip-flop"  circuit.  Fig.  MHI-13U72  shows  a magnetic 
flip-flop  circuit,  using  Hypernik  V cores,  with  its  electronic  analogy,  the 
Eccles- Jordan  trigger  circuit.  Half -wave  circuits  are  used  since  their  re- 
sponse time  is  rapid  and  their  cosine  gain  at  d-c  is  uni tv  (see  Section  A 
of  this  Chapter)  which  gives  just  sufficient  loop  amplification  to  cause  in- 
stability. Care  must  be  taken  so  that  control  current  in  each  stage  flows 
during  the  negative  half-cycle  of  the  corresponding  core,  since  only  then  is 
the  control  effective. 

The  operation  can  best  be  explained  with  reference  to  a transfer 
characteristic  of  the  half-wave  circuit  as  shown  in  Fig.  MHI-13U73-*.  The 
control  current  of  one  stage  is  the  load  current  of  the  other.  A temporary 
increase  in  the  control  current  of  one  stage  decreases  the  control  current  of 
the  other  which  in  turn  increases  further  the  first  control  current.  Thus 
the  circuit  is  unstable,  and  this  "run- away  action"  or  "vicious  cycle"  con- 
tinues until  one  stage  cuts  off  (no  longer  on  high-gain  region).  Then  the 
circuit  comes  to  rest  with  the  stages  operating  at  points  A and  B (Fig.  MKE- 
131*73-*),  respectively.  The  circuit  remains  in  this  state  until  the  stability 
is  disturbed,  whereupon  the  two  stages  interchange  operating  points.  "Flipping" 
can  be  accomplished  in  many  ways.  One  simple  method  is  to  inject  a negative 
d-c  bias  pulse  in  the  stage  which  is  carrying  full  current,  or  a positive  pulse 
in  the  other  stage.  This  has  the  effect  of  temporarily  shifting  the  transfer 
curve  cf  one  stage  to  where  the  circuit  is  again  unstable.  The  duration  of 
the  pulse  need  be  only  so  long  that  it  insures  that  the  run- away  action  is 
well  under  way.  The  rapidity  of  the  run-avay  action  is  directly  related  to 
the  time  constant  of  the  circuit,  just  as  the  stray  capacity  in  the  electronic 
flip-flop  determines  its  flipping  speed.  Thus,  in  the  half-wave  circuit  trie 
pulse  need  only  last  for  one  cycle,  as  ahown  in  Fig.  MKL-13U73-b. 

The  circuit  of  Fig.  MBI-13U72-nb  is  by  no  moans  the  only  possibility 
of  a flip-flop  arrangement.  Doublers  could  also  be  used  for  each  stage  but 
the  speed  of  response  would  be  much  slower  and  more  components  are  required. 

A one  stage  doubler  could  be  used  with  positive  control  since  this  gives  sero 
phase  shift  at  d-c,  but  this  requires  the  maintenance  of  a large  d-c  bias 
current  (see  Section  D,  Chapter  II).  The  half-wave  flip-flop  circuit  is  re- 
latively fast  and  requires  only  two  cores,  two  rectifiers,  and  two  resistors.. 


It  can  be  plugged  directly  into  the  a-c  lino,  requiring  no  d-c  power  supply. 
There  is  also  no  need  for  the  stages  to  be  symmetrical.  One  control  ampli- 
tude can  be  reduced  to  the  point  where  it  still  satisfies  Eq.  (16),  thereby 
saving  considerable  power  in  one  load. 

It  is  noteworthy  that  at  higher  frequencies  of  the  carrier  the  cir- 
cuit is  faster  acting  and  the  trigger  pulses  can  be  of  a shorter  duration. 


Conclusions 

Some  of  the  more  important  results  can  be  summarized  as  follows J 

(1)  By  cascading  several  magnetic  amplifier  stages,  a much  greater 
figure  of  merit  is  obtainable  than  when  but  one  d-c  excited  stage  is  used. 

The  most  favorable  arrangement  employes  voltage  doublers  as  the  a-c  stages, 
with  "negative",  in-phase,  unbiased  control  current  pulses.  All  stages  ex- 
cept the  very  last  should  use  a core  material  which  saturates  sharply.  The 
winding  resistance  of  the  a-c  excited  stages  should,  in  general,  be  kept  down 
to  a minimum. 

(2)  The  minimum  flux  during  a cycle  is  determined  by  the  amount  of 
flux  decay  that  the  "value"  action  of  the  control  current  permits. 

(3)  Therefore,  the  transfer  characteristics  are  to  a first  approxi- 
mation independent  of  the  slope  and  width  of  the  B-H  loop,  whereas  the  d-c 
excited  operation  is  critically  dependent  on  core  characteristics.  Thus,  us- 
ing lees  sensitive  core  materials  will  not  seriously  hamper  the  operation  of 
the  a-c  excited  amplifier.  Also  changes  in  core  characteristics  arising  from 
the  use  of  higher  line  frequencies  should  not  severely  influence  the  transfer 
characteristics . 

(U)  The  ideal  analysis  of  the  a-c  excited  doubler  with  zero  forward 
mesh  (winding)  resistance  predicts  infinite  gain  regardless  of  the  slope  of 
the  B-H  loop,  whereas  the  ideal  analysis  of  the  d-c  excited  self- saturating 
circuit  predicts  a gain  proportional  to  the  slope,  the  forward  mesh  resistance 
not  being  a c-itical  factor. 

(5)  The  gain  and  time  response  of  the  a-c  excited  self-saturating 
circuit  are  both  independent  of  load  and  control  turns,  as  well  as  of  core 
characteristics.  The  practical  limit  of  gain  and  time  response  are,  however, 
determined  by  the  cores  and  windings.  The  expressions  for  gain  and  time  re- 
sponse are  summarised  in  Table  3,  Fig.  NRX-I3U?J>. 

(6)  There  is  close  correlation  between  experimental  and  theoretical 
results  throughout. 
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ITJLIS  WITH  RF  AS  PARAMETER  (MRI- 13442) 


Rp 

or,  ’ulasu-lu: 

Calculated  Gain 

Measured  Gain 

* Dev. 

7.5 

58 

54 

-6.9% 

18.5 

23.4 

20 

-14.5* 

29.5 

14.7 

11.5 

-21 .8% 

B-  RESULTS  WITH  ICM  AS  PARAMETER  (MBI-13445) 


rCM 

Caloulated  Gain 

Measured  Gain 

* Dev. 

• 

393 

29 

26 

T ri  a of 
~J.w  «**/* 

• 

196 

58 

53 

- 8.6* 

• 

167 

72 

68 

- 5.6* 

. 

133 

85 

80 

- 6-3* 

C-  RESULTS 

WITH  V AS  PARAMETER  (MRI -13444) 

V 

Caloulated 

Gain 

■Measured  Gain 

* Dev. 

60 

58 

52 

“10  «3% 

45 

43  .5 

41 

- 6.8* 

30 

29 

29 

- 

D-  RESULTS  WITH  R^  AS  PARAMETER  (MRI-13446) 

RD. 

Calculated 

Gain 

Measured  Gain 

% Dev, 

100 

68 

56 

-3  .5* 

200 

68 

56 

-3  .5* 

300 

58’ 

, 

56 

-3  .5* 

S-  RESULTS  WIKI  TURNS  AS  PARAMETER 


N 

No 

Calculated  Gain 

Measured  Gain 

* Dev. 

300 

50 

14 .5 

11 

-29  . 1 % 

300 

20 

14.5 

11 

-29  .1* 

180 

50 

14.5 

12 

-17.2* 

Table  1.  Tabulation  of  Measured  and  Caloulated  Values  of  Current 

Gain 


MRI-13474 


K^( ohms ) 


Rp(ohns ) 


MRI-13481 
T?  Observed 


Tg  Calculated] 


x 

2 


_6_ 

6 


SO 

100 

200 

200 

200 

200 


7 »5 
7.5 
7.5 

27.5 

17.5 

12  .5 


7-8 

12-14 


5-6 

8-S 


3.8 

7.2 
13.8 

4.2 

6.2 
6.6 


Table  2.  Comparison  Between  Observed  and  Calculated  Time  Constant 
for  Doubler  Circuit  with  A.C.  Excitation  Core  Material- 

Hypernik  V 


Time  Constant 

Cosine  Gain 

Crarent  Gain 

Doubler 

mm 

1-r 

v„  vM 

n w (1-r)*  "• 

W 

Half-Wave 

1 

2 

1 

VM 

*cK  R* 

Full-Wave 

- (approx.) 

U 

1+r  2 

(1+r)  i— Sr 

IcM^* 

Table  3.  Theoretical  Relationships  in  Region  of  Highest  Gain 
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Method  of  Switching  the  lfransient 

To  study  the  transient  response  of  a system  experimentally,  a satlo- 
factory  means  for  initiating  the  transient  is  necessary.  One  way  to  do  this 
is  to  simply  open  or  close  a switch  and  record  the  response  on  a device  such 
as  a Brush  Recorder  or  photograph  it  from  ar.  oscilloscope  with  » driven  sweep. 

It  is  usually  more  desirable,  however,  to  obtain  a stationary  pattern 
on  the  oscilloscope.  This  requires  that  the  switch  opens  and  closes  at  a fixed 
rate.  An  electronic  switch  (square  wave  generator)  accomplishes  this  and  is 
very  good  for  many  purposes,  but  it  has  several  restrictions.  This  "switch" 
has  a comparatively  high  output  impedance  and  is  thus  limited  by  the  current 
that  it  can  pass,  unless  additional,  power  amplification  is  employed.  This 
method  also  presents  problems  when  a slow  switching  rate  is  desired. 

At  lower  frequencies  switching  can  bo  done  by  mechanical  means.  This 
investigation  uses  an  instrument  which  opens  and  closes  a fast  acting  relay 
thereby  effecting  repetitive  switching.  A schematic  of  the  particular  type  of 
relay  is  shown  in  Fig.  MRI~13U30=a.  If  the  current  through  winding  AB  is  ad- 
justed properly,  the  relay  contacts  will  be  open  when  no  current  flows  in 
winding  CD.  But  when  the  current  through  winding  CD  rises  to  a certain  value. 
It,  the  contacts  c?.ose,  and  when  the  current  drops  below  a value,  Ir,  the  relay 
reopens.  Thus,  by  applying  a square  wave  signal  to  winding  CD,  the  contacts 
can  be  made  to  open  and  close  at  the  frequency  of  the  square  wave.  The  fre- 
quency, however,  must  be  low  enough  for  the  relay  to  handle  and  is  limited  to 
about  100  cycles  a second. 

The  tripping  coil  CD  is  connected  directly  to  one  of  the  load  resis- 
tances of  an  Eccles-Jordan  Trigger  Circuit.  The  amplitude  of  the  pulses  which 
trigger  the  circuit  is  fixed  so  that  the  circuit  flips  on  negative  pulses  only, 
the  pulses  (both  positive  and  negative)  being  obtained  from  the  output  of  any 
one  of  a chain  of  frequency  dividers  (also  Eccles-Jordar-  circuits),  the  choice 
depending  on  which  frequency  division  of  the  reference  voltage  is  desired  to 
operate  the  relay.  A block  diagram  is  shown  in  Fig.  MRX-13U28.  Fig.  MRI-13U29 
is  the  actual  circuit  diagram. 

The  reference  voltage  is  taken  directly  from  the  a-c  line  ana  may  be 
60  or  1*00  cycles.  This  input  sine  wave  is  sent  through  a clipper  which  is  a 
high-mu  triode  that  cuts  off  at  ~ii  volts  on  the  grid.  The  peak  to  peak  value 
of  the  sine  wave  input  is  a few  hundred  volts  so  that  a fast  rise  is  obtained 
at  the  output  of  the  clipper  (Fig.  MRI»13U30“b) . The  clipped  wave  is  then 
differentiated  through  a small,  condenser  to  give  positive  and  negative  pulses 
(Fig.  MRI-13U30”c),  the  negative  pulses  activating  the  first  of  the  frequency 
dividers,  the  output  of  which  (Fig.  MRI-13H30-d)  i3  again  differentiated  and 
fed  into  the  next  divider  giving  an  output  (Fig.  MRI“13ii30-e)  which  is  once 
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again  differentiated,  and  so  forth.  Thus,  the  relay  contacts  can  be  made  to 
switch  at  l/2,  l/U,  1/8,  l/l6 . l/32,  or  1/6U  of  line  frequency.  The  phase  of 
the  switching  relative  to  the  line  can  be  varied  by  the  phase  shift  control. 

A circuit  diagram  of  the  divider  stage  containing  the  relay  tripping 
coil  is  drawn  in  Fig.  MHI-13U31-*.  The  tripping  coil  must  not  be  connected 
directly  in  series  with  the  plate  of  either  tube  because  its  inductance  would 
slow  down  the  run  away  action  of  the  circuit  when  a negative  pulse  is  applied 
to  either  grid  and  thus  prevent  tripping.  Instead  the  coil  is  shunted  by  a 
2200  ohm  resistor  so  that  the  run  away  action  can  take  place  and  after  a tran- 
sient the  current  in  the  coil  will  rise  to  its  full  value  (about  10  aa). 

Referring  to  Fig.  MRI-13b31-b,  it  is  seen  that  the  open  and  closed 
time  of  the  relay  will,  in  general,  be  of  different  duration.  However,  by 
properly  adjusting  the  value  of  the  critical  tripping  current.  It,  and  re- 
lease current.  Ir,  the  relay  can  be  made  to  have  equal  open  and  closed  dura- 
tions. The  values  of  It  and  Ir  are  determined  only  by  the  bias  current  in 
coil  AB  (Fig.  MRI-13U30-a) , and  by  varying  the  current  the  symmetry  of  the 
switching  is  controlled. 

If  a circuit  as  in  Fig.  MHI-13U31-C  is  connected  to  the  contacts,  a 
square  wave  voltage  appears  across  the  resistor  R which  can  be  used  to  initiate 
a transient. 


There  is  a small  capacity  associated  with  the  relay  contacts  and  lead 
wires,  and  this  will  cause  the  switching  time"  to  be  longer  when  the  relay 
opens  than  when  it  closes.  Referring  to  Figs.  MRI-13U31-d  and  MH1 -13U31-« , it 

Htia  + />  +Via  wal  sv  eor\ae<  + v ■ta  RRn 

when  the 


is  seen  that  the  time  constant  due  to  the  relay  capacity  is  , 


relay  closes,  and  RC  when  it  opens.  Rq  (the  resistance  of  the  contacts)  is 
very  small  and  therefore  voltage  across  R jumps  almost  instantaneous  upon 
closing,  but  a faint  trace  can  be  seen  when  the  relay  opens  (Fig.  MHI-13U31-f ) . 
The  value  of  R for  Fig.  MRI-13h31“f  is  very  high  (.5  Meg)  and  if  a more  normal 
value  is  used  the  trace  cannot  be  seen  (Fig.  MRI-13li31-g) , and  the  switching 
occurs  almost  inrtantaneously.  This  excludes  the  effect  of  any  loading  by  the 
system  to  which  the  switching  is  applied. 
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List  of  Parts  for  Frequency  Dividar  (see  Fig.  MRI-13U.29) 


«2 

R3 

V "10 

Rr 


jft? 

«6 

R9 

*11 

**12 


Gu 

V C7 


c6 

C8 


SPST  Switch 

Six  Throw  So lector  Switch 
Pilot  Light  6.3  ▼ . 

50  ma.  Fuse 

117  •>  6.3  ▼ . Filament  Transformer  - 3 amps. 

117  to  250-0-250  ▼ . Power  Transformer  at  50  raa.  with  6.3  ▼ . 

Filament  tap  at  2.5  amps. 

20  K,  1/2  Watt 
10  K,  1/2  Watt 
2.2  K,  l/2  Watt 
1 Kag.,  1/2  Watt 
560  K,  1/2  Watt 
2.5  K,  10  Watts 

1 Meg.  Potentiometer  - 2 Watts. 

2.0  K,  10  Watts 
27  K,  1/2  Watt 
82  K,  2 Watts 

500  K Potentiometer  - 2 Watts 
330  ppf  - 200  r. 

33  ppf  - 200  t. 

1000  ppf  - 200  ▼. 

100  ppf  - 200  t. 

8 pi1  electrolytic  - 300  v. 

.005  pf  - 600  v. 

.01*  pf  paper  - 1*50  ▼. 


1 


K-332-53,  FTB-268 


REFERENCES 


R 


w- 


is 


1. 


2. 


3. 


U. 


5. 


6. 


7. 


8. 


9. 

10. 


11. 

12. 

13. 

11*. 


a*.— 


W.  J.  Dornhoeffer,  "Self-Saturation  in  Magnetic  Amplifiers",  AIEE  Trans. , 
Vol.  68,  191*9.  ' ” 

W.  H.  Esselman,  "Straight  Line  Analysis  of  Full-Wave  Magnetic  Amplifier", 
Polytechnic  Institute  of  Brooklyn,  Report  R- 223-1*9  > PIB-168,  Sept..  8,  19U9* 

E.  J.  Smith,  "A  Study  of  Self -Saturating  Magnetic  Amplifiers",  Part  I, 
Polytechnic  Institute  of  Brooklyn,  Report  R-229-l*9>  PTB-17U,  Dec.  30,  191*9. 

E.  J.  Smith,  "A  Study  of  Self-Saturating  Magnetic  Amplifiers",  Part  II, 
Polytechnic  Institute  of  Brooklyn,  Report  R-23C-50,  PIB-175,  Feb.  20,  1950. 

E.  J.  Smith,  "A  Study  of  Self  ating  Magnetic  Amplifiers11,  Part  III, 

Polytechnic  Institute  of  Brooklyn,  Report  R- 231-50,  PIB-176,  Mar.  27,  1950. 

E.  J.  Smith,  "Determination  of  Steady-State  Performance  of  Self -Saturating 
Magnetic  Amplifiers",  AIEE  Technical  Paper,  50-206. 

E.  J.  Smith,  "A  Study  of  Self-Saturating  Magnetic  Amplifiers",  Part  IV, 
Polytechnic  Institute  of  Brooklyn,  Report  R-238-50,  FIB-183,  Doc.  11,  1950. 

A,  Erkmen,  "The  Steady  State  and  Transient  Analysis  of  the  Doubler  and 
Full-W®ve  Magnetic  Amplifier  with  Free  Excitation  for  'Rectangular'  Hystere 
sis  Core  Material  and  Resistive  Load",  Polytechnic  Institute  of  Brooklyn, 
Report  R-260-51,  FXB-201,  Oct.  25,  1951. 

R.  A.  Ramey,  "On  the  Mechanics  of  Magnetic  Amplifier  Operation",  AIEE 
Trans. , Vol.  70,  1951. 

Vickers,  Inc.,  "The’ Use  of  Rectified  Pulses  for  Control  Current  in  Magne- 
tic Amplifiers",  Sunsaary  Report,  Index  NS-678-059,  Contract  No.  bs-!*6768, 
VED  S,0.  1*8-1002,  Aug.  20;  1$1*9. 

T.  Spooner,  "Properties  and  Testing  of  Magnetic  Materials",  McGraw-Hill, 

New  York,  1927. 

H.  Lehmann,  "Predetermination  of  Control  Characteristics  of  Half-Wave  Self- 
Saturating  Magnetic  Amplifiers",  AIEE  Trans.,  1951,  70,  pg.  2097. 

R.  Zarouri,  "The  Influerfce  of  Eddy  Currents  Upon  the  Performance  of  A-C 
and  D-C  Controlled  Magnetic  Amplifiers",  Polytechnic  Institute  of  Brooklyn, 
Report  R-288-52,  PIB-227,  Dec.  15,  1952. 

E.  L.  Harder  and  W.  F.  Horton,  "Response  Time  of  Magnetic  Amplifiers", 

AIEE  Technical  Paper  50-177* 


R-332-53,  HB-  268 


REFERENCES  (Cont.) 


1$.  5.  Ecraan,  "A  Cyclic  Integrator",  The si 3 for  M.E.E. , Polytecnnlc  Institute 

of  Brooklyn,  June  1951.  - 

16.  H.  F.  Storm,  "Transient  Response  of  Saturable  Reactors",  Conference  Paper, 
AIBE,  Jan.  19.50.  — 

1?.  J.  T.  Carleton  and  V.  F.  Horton,  "The  Figure  of  Merit  of  Magnetic  Ampli- 
fiers", Conference  Paper,  AIES,  June  1952. 


i 


MR!  13426 


I 


I 


I 

f 

1 


I 

r 


fb)  Clipped  Input  Wave 


( d)  Output  From 
I st  Divider 


(c)  Pulses  Formed  From 
Clipped  Wove 


(e)  Output  From 
2nd  Divider 


8-53 


MR  I 134  3 0 


5TRM  , 


I 


!*«*»**r 


APPENDIX  C 

CORE  DATA 

HYPETRNIK  JT 

TORROIDAL  WOUND  .OOF  ' STRIP 

OXIDE  INSULATION 
i-m  = 77" 

EFFECTIVE  AREA  --  3. <9  /A/2  RESISTIVITY  - 45  «/0  ~aOHM- METERS 


(A) 

* 

HYPER  Si  L 

TORROIDAL  WOUND  - .005  "STRIP 
LACQUER  INSULATION 

L 77)  - 115" 

EFFECTIVE  AREA  • /. 46  IN  2 
RESISTIVITY  . A 7 «K)~a OHM  -METERS 
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NOTICE.  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITE  LY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
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